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HE Engineering Experiment Station was established by act of 
the Board of Trustees of the University of Illinois on Decem- 
ber 8, 1903. It is the purpose of the Station to conduct inves- 

tigations and make studies of importance to the engineering, 
manufacturing, railway, mining, and other industrial interests of the 
State. 

The management of the Engineering Experiment Station i is vested ; 
in an-Executive Staff composed of the Director and his Assistant, the 
Heads of the several Departments in the College of Engineering, and 
the Professor of Industrial Chemistry. This Staff is responsible for 
the establishment of general policies governing the work of the Station, 
including the approval of material for publication. All members of 
the teaching staff of the College are encouraged to engage in scientific 
research, either directly or in codperation with the Research Corps 
composed of full-time research assistants, research graduate assistants, 
and special investigators. 

To render the results of its scientific investigations available to 
the public, the Engineering Experiment Station publishes and distrib-~ 
utes a series of bulletins. Occasionally it publishes circulars of timely 
interest, presenting information of importance, compiled from various 
sources which may not readily be accessible to the clientele of the 
Station. ; 
The volume and number at the top of the front cover page a 
merely arbitrary numbers and refer to the general publications of th g 
University. Either above the title or below the seal is given th 
number of the Engineering Experiment Station bulletin or cir 
which should be used in referring to these publications. 

For copies of bulletins or circulars or for other information 
address l= 
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A STUDY OF AIR-STEAM MIXTURES 


I. IntrRopuctTIon 


1. Purpose of Investigation—tThis investigation of air-steam 
mixtures is the outgrowth of an. investigation of the reheating of 
compressed air by C. R. Richards, Director of the Engineering Ex- 
periment Station and Dean of the College of Engineering, and J. N. 
Vedder, Research Assistant in Mechanical Engineering, the results of 
which have been presented in Engineering Experiment Station Bul- 
letin No. 130. In this earlier investigation the employment of steam 
as a reheating agent was found to result in an increased thermal 
efficiency for the mixture of air and steam, as compared with the use of 
either air or steam separately, in an engine operating expansively. 
These results were such as to justify a further study of air-steam 
mixtures. 

It is the purpose of this bulletin to treat the subject of air-steam 
mixtures in considerable detail both by means of a theoretical dis- 
cussion and by reporting actual tests made with different proportions 
of air and steam at different initial air temperatures and under 
various load conditions. To facilitate the practical application of 
the results secured, the thermal properties of various mixtures are 
presented in the form of Moller charts. These charts will greatly 
simplify the solution of problems connected with the subject. 


2. Acknowledgments—This investigation was conducted by 
Leroy A. Wixison,* Research Associate in Mechanical Engineering, 
under the general direction of Dean C. R. RicHarps. It was due to 
Wilson’s painstaking efforts that the investigation was brought to a 
successful conclusion. Valuable assistance in the experimental work 
was rendered by L. C. Licury and W. P. Lukens, Research Fellows 
in the Engineering Experiment Station; and in the preparation of 
the Mollier diagrams for air-steam mixtures by JoHn A. Den ,{ 


| * Now Professor of Mechanical Engineering at the Oklahoma Agricultural and Me- 
anical College, Stillwater. 
7 Now Associate Professor of Mechanical Engineering at the University of Kansas, 
wrence. 
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Associate in Mechanical Engineering. The section on the thermo- 
dynamies of air-steam mixtures has been carefully revised by G. A. 


GoopeNouGH, Professor of Thermodynamics, and it is, therefore, an 
authoritative discussion of the subject. ] 


A STUDY OF AIR-STEAM MIXTURES 1a 


Il. Tests with Steam, Air, AND Air-STeAM MIxTuREs 


3. Purpose of Tests—The purpose in operating a reciprocating 
ngine with a working medium composed of a mixture of air and 
team was to determine the possible advantages in thermal efficiency 
esulting from the use of such mixtures, having different proportions 
f the two components and with different initial temperatures of 
he compressed air. <As a basis for the comparison of results it was 
1ecessary to determine the engine economy when using steam alone 
nd air alone at various initial temperatures. 


4. Tests with Steam—tThe tests with steam were made to de- 
ermine the steam consumption at different loads. A gage pressure 
f 100 pounds per square inch was used. The quality of the steam 
vas determined by means of a throttling calorimeter located just above 
he throttle valve. All observations and indicator diagrams were 
aken every 5 minutes during 30-minute tests. The following data 
vere recorded: 

(1) Net brake load in pounds, 
(2) Revolutions per minute, by the revolution counter. 
(3) Pressure at throttle (kept constant) in pounds per square inch. 
(4) Temperature at throttle in degrees Fahrenheit, 
(5) Temperature in steam chest in degrees Fahrenheit. 
(6) Temperature of engine room in degrees Fahrenheit. 


(7) Temperature in exhaust pipe in degrees Fahrenheit. 
(8) Pressure in exhaust pipe in pounds per square inch. 
(9) Temperature in calorimeter in degrees Fahrenheit, 


; (10) Temperature of condensed steam in degrees Fahrenheit . 
i (11) Weight of condensed steam in pounds. 
(12) Barometer height in inches of mercury. 


The results of the steam tests are given in Table 1 and are 
presented graphically by the curves in Fig. 1. For convenience of 
ference the tests are designated in the tables by the letter S, followed 
y the gage pressure at the throttle. The lowest steam consumption 

indicated horse power per hour attained in this series of tests 
as 28.9 pounds; in similar tests run by J. N.,.Vedder and reported 
Bulletin No. 130 the lowest consumption was 27.1 pounds. 
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Fig. 1. STEAM CONSUMPTION PER HorsE POWER PER Hour, Usine STEAM ALONE 


5. Tests with Air.—The tests with air were made to determine 
the air consumption at different loads for different initial air tem- 
peratures. The water vapor in the air froze in all tests made with 
air which had a temperature of 300 degrees Fahrenheit or less. In 
every test in which the exhaust temperature was below 32 degrees’ 
Fahrenheit the exhaust valve clogged with ice. When the back. pres: 
sure caused by the stoppage became appreciable the test was termi- 
nated. 


All tests were started with the engine comparatively warm, and 
only data and indicator diagrams secured during the last thirty 
minutes of a test were used. This practice was adopted to obtain 
data representative of normal running conditions. It was found, 
however, that owing to increasing friction in the engine caused by 
the formation of ice and from less effective lubrication, the mechanica 
efficiency decreased as the test progressed. It was impossible to get 
satisfactory equilibrium conditions with air alone except by heati 
the air to an initial temperature sufficient to prevent the exhaus 
temperature falling below 32 degrees Fahrenheit. By taking indicato 
diagrams and Venturi meter data simultaneously at stated intervals 
under the conditions named, and computing the air consumptio 


A STUDY OF AIR-STEAM MIXTURES 15 


per indicated horse power per hour, this was found to remain prac- 
tically constant throughout the test. The air consumption per brake 
horse power per hour varied for the reasons already stated; therefore, 
for these tests it has been averaged for the 30-minute period. 

An unsuccessful attempt was made to overcome lubrication diffi- 
culties by using alcohol and graphite. A mixture of gas-engine oil 
and graphite seemed to give the best lubrication results. Were it 
practicable to free the air from moisture before admitting it to a 
reciprocating engine, there would probably be little mechanical diffi- 
eulty in using it expansively, but with such large quantities of air 
as were used in these tests, no convenient nor simple means for drying 
the air could be devised. 

The tests with air were made at several loads with an initial 
gage pressure of 100 pounds per square inch at the throttle, and 
with initial temperatures of approximately 100, 200, 300, and 400 
degrees Fahrenheit, respectively, at the entrance to the mixing cham- 
ber. When air was used the engine would not carry over-loads satis- 
factorily, probably because of the small size of the supply pipe and 
the consequent drop in pressure accompanying a late cut-off. The 
conditions of operation were such as to prevent the formation of a 
loop at the toe of the indicator diagram; hence complete expansion .to 
back pressure determined the limit of earliest cut-off. 

The condenser was disconnected during the air tests, the air being 

exhausted directly into the room. <A pentane thermometer reading in 
degrees centigrade was placed in a mercury well as near the cylinder 
as possible to indicate the exhaust temperature. Owing to the prox- 
imity of steam pipes and the heat of the surrounding atmosphere 
the lower temperatures recorded are probably incorrect. It should 
also be noted that there was a tendency for snow and ice to accumulate 
in the exhaust pipe around the thermometer cup, but by pounding 
occasionally on the outside of the pipe these obstructions were 
dislodged. 
The air pressure was set at 100 pounds per square inch gage 
and kept constant by regulating the pressure of the steam operating 
the compressor. A preliminary run of two or three hours duration 
was necessary to heat the pipes and enable adjustments of apparatus, 
particularly of the reheater, to be made; during the run sufficient 
steam was allowed to mix with the air to prevent freezing. Between 
runs it was necessary to pass steam through the engine to thaw the 
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ice before making adjustments for the succeeding run. Before a 
test was started the steam was shut off by closing the steam valve 
tightly with a wrench, in order to eliminate the possibility of leakage 
since the introduction of a very small quantity of steam would lead 
to erroneous results. 

Readings were secured every 5 minutes, the Venturi meter data 
and indicator cards being taken as nearly simultaneously as possible. 
The readings were as follows: 

(1) Net brake load in pounds. 

(2) Revolutions per minute (by the revolution counter) . 

(3) Pressure at throttle (kept constant) in pounds per square inch. 

(4) Temperature at throttle in degrees Fahrenheit. 

(5) Temperature in steam chest in degrees Fahrenheit. 

(6) Temperature of engine room in degrees Fahrenheit. 

(7) Temperature in exhaust pipe in degrees centigrade (converted 
to Fahrenheit on data sheet) . 

(8) Pressure in exhaust pipe in pounds per square inch, 

(9) Temperature of air entering Venturi meter in degrees Fahrenheit. 

(10) Pressure of air entering Venturi meter in pounds per square inch. 

(11) Venturi head, by manometer, in inches of mercury. 

(12) Temperature of air entering heater in degrees Fahrenheit. 

(13) Temperature of air entering mixing chamber in degrees Fahrenheit. 

(14) Barometer height in inches of mercury. 


The results of the air tests are tabulated in Table 2, in which 
they are designated by the letter A, followed by the temperature at 
the throttle and the gage pressure at the throttle; and are shown 
graphically by the curves in Figs. 2, 3, and 4. It will be noted that 
some of the points do not fall upon the curves selected, for whic 
fact the following explanation is offered. Variations in the initia 
air temperature existed, since it was impossible always to keep thi 
temperature constant. For some tests the average temperature fel 
above or below the desired value, in which cases the curve was mad 
to pass at the proper distance from the point recorded. Three such 
points appear on the curve which records temperature of 100 degre 
Fahrenheit. The points for air at 200 degrees are somewhat scattered, 
hence the curve was drawn to make it consistent with the three othe 
curves. 

The curves show that with compressed air the greatest econom 
was secured at approximately 22 indicated horse power, which 
somewhat lower than that for the greatest economy with steam 
the working medium. 
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6. Tests with Air-Steam Mixtures.—After the usual preliminary 
seriod of adjustment of apparatus each test with mixtures of air and 
team was continued for one hour. A pressure of slightly more than 
(00 pounds gage was maintained in the steam main, the amount of 
eam to the engine being controlled by an auxiliary valve located 
ear the mixing chamber. The amount of air was regulated by throt- 
‘ing the air compressor. It was found that the proportion of the 
uxture could be judged and regulated fairly accurately from ob- 
ervations of the temperature just below the mixing chamber. The 
etual temperature of the mixture at that point proved to be prac- 
ally identical with the theoretical temperature, where the initial 
mperatures of the air were 100 and 200 degrees, as given in Table 
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TABLE 3 


or Arr-STEAM MIxTuRES FoR DIFFERENT INITIAL 


DIFFERENT PERCENTAGES OF AIR AND STEAM 


Per Cent 
Steam 
in 
Mixture 


5.0 


10.0 


20.0 


30.0 


40.0 


50.0 


80.0 


in Mixture 
8 . 
Ib. 100° F. 200° F. 300° F. 400° F. 
tc 16.46 B.t.u. | 40.66 B.t.u. 64.86 B.t.u. 89.06 B.t.u 
0.05263 te 62.66 ‘* 62.66 “ 62.66 “ 62.66 “ 
im C0012 le 103.325“ 127.52." 151 72a 
tm 173 .0° F. 208.5° F. 299.5° F 390.0° F 
ta 16.46 B.t.u. 40.66 B.t.u. 64.86 B.t.u 89.06 B.t.u 
0.111111 is 132.29 “ 132.29 “* 132:29 8 132-29 
im 148.75 “ 172.95 “ 197.15 “ 221735 2 
tn 209.8° F. 219.2° F. 299.5° F. 381.3° F. 
ta 16.46 B.t.u. 40.66 B.t.u 64.86 B.t.u 89.06 B.t.u 
0.25 is 297.65 “* 297.65 “ 297.65 “ 297.65 * 
im iN oe tp Sc 338.31 “ 362.51 * as6.w1 a 
tm 248.9° F. 253.3° F. 301.0° F 367.5° F. 
ta 16.46 B.t.u. 40.66 B.t.u 64.86 B.t.u. 89.06 B.t.u 
0.428571 is 510.26 “ 510.26 “ 51032654 510.26 “ 
tm 526.72 “ 550.92 ‘ 575.12 “ 599.32 “ 
tm 27276o nr. 275.3° F 304.5° F. 357.20 Be 
ta 16.46 B.t.u. 40.66 B.t.u 64.86 B.t.u 89.06 B.t.u 
0.666667 te 793.75 “ 793.75 “ (03.40)ees 793.75 
im $1020, 2 834.40 “ 858.60 “ 882.80 ‘“ 
tm 288 .5° F. 290.0° F. 308.1° F. 350.0° F. 
ta 16.46 B.t.u. 40.66 B.t.u 64.86 B.t.u 89.06 B.t.u 
ts 1190.62 “ 1190.62. “* 1190.62 “ 1190.62 “ 
1.0 im 1207 107 1231.30 1255.50 “ 1279.70 “ 
tm 301.4° F 302.5° F. 312.7° F 344.3° F 
ta 16.46 B.t.u. 40.66 B.t.u 64.86 B.t.u. 89.06 B.t.u 
is 1785.93 © 1785.93 “ 1785.93 “ 1785.93 “ 
1.5 tm 1802.40 “ 1826.60 ‘ 1850.80 “ 1875.00 “ 
tm 811.1° F. 311.5° F. 318.0° F o41.2°.F 
ta 16.46 B.t.u. 40.66 B.t.u. 64.86 B.t.u 89.06 B.t.u. 
ts 4761.28 “ 4761.28 “* 4761.28 “* 4761.28 “* 
4.0 tm  (|4777.70 “* 4801.90 “ 4826.10 “ 4850.30 “ 
tm 329.4° F. 329.6° F. 329..7° F. 338 .4° F. 
oe NS A ee ee EE ee eee 
Pressure of Mixture =114.5 lb. abs. t, =337.75° 
ty =0.242(t,—32°) $,=1"M,=1190.62M, Ma=1 lb. 


Weight Steam 


Initial Air Temperatures 
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Fic. 5. TEMPERATURE OF AIR-STEAM MIXTURES FOR DIFFERENT INITIAL 
AIR TEMPERATURES AND DIFFERENT PERCENTAGES OF AIR AND STEAM 


3 and Fig. 5. For higher initial air temperatures, however, the actual 


_ temperature of the mixture fell slightly below the theoretical, prob- 


ably because of increased radiation losses at these higher temperatures. 
Indicator diagrams and the following data were secured every 


| 5 minutes, the brake load and throttle pressure being kept constant: 


(1) Revolutions per minute (by revolution counter) . 

(2) Temperature at throttle in degrees Fahrenheit. 

(3) Temperature in steam chest in degrees Fahrenheit, 

(4) Temperature of engine room in degrees Fahrenheit. 

(5) Temperature in exhaust pipe in degrees Fahrenheit. 

(6) Temperature in calorimeter in degrees Fahrenheit. 

(7) Pressure of steam entering calorimeter in pounds per square inch 

(steam main pressure) . 

(8) Temperature of air entering Venturi meter in degrees Fahrenheit. 

(9) Pressure of air entering Venturi meter in pounds per square inch. 
(10) Venturi head, by manometer, in inches of mereury. 

(11) Temperature of air entering heater in degrees Fahrenheit. 
(12) Temperature of air entering mixing chamber in degrees Fahrenheit. 
(13) Temperature of condensed steam in degrees Fahrenheit. 
(14) Barometer height in inches of mercury (once during test). 
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The weight of condensed steam was taken at the end of each run. 
It consisted of the water coming from the condenser, together with 
that carried by the saturated air exhausting from the condenser and 
that separated by condensation in the mixing chamber, resulting from 
heating the air in the tests in which air at a temperature below that 
of the steam was used. The first and the last of these quantities were 
obtained by weighing; whereas the amount of water carried off by 
the air was computed from its temperature and pressure. 

The high-pressure air was comparatively cool. at the point of 
entrance to the heater. It was undoubtedly saturated with water 
vapor. The temperature of the air being known, the partial pressure 
of the vapor may be determined from the steam tables. Subtracting 
this from the total pressure of the mixture secures the partial pres- 
sure of the air. The volume of the air may then be computed by 
applying Boyle’s Law, and in accordance with Dalton’s Law the 
vapor must occupy the same volume. The specifie volume of the 
vapor, obtained from the steam tables, divided into the total volume 
gives the weight of moisture per pound of air. A similar process 
will determine the amount of moisture in the exhaust air, the tem- 
perature of which was that of the condensate and the pressure that 
of the atmosphere. 

The data and results of the air and steam mixture tests are given 
in Table 4, in which they are designated by the letters AS, followed by 
the temperature at the throttle, the gage pressure at the throttle, and 
a letter added for the sake of distinction; and are presented graph- 
ically by the various curves of Figs. 6, 7, 8, and 9. 


7. Discussion of Results—The curves illustrating the results 
of the air and steam mixture tests are in accordance with the stated 
observations of other experimenters regarding the gain in economy by 
the use of air and steam together. The curves show that the maximum 
economy occurs with mixtures containing about 30 per cent of steam.* 
The maximum gain is more pronounced when cold air, rather than 
air previously heated, is used. This gain becomes still greater as the 
load decreases. See Figs. 10 and 11. The gain at the maximum load 
carried with air at an initial temperature of 410 degrees Fahrenheit 
is 5 per cent, while the gain at approximately the same load with 


* See pages 31-33. 


Miscellaneous Data Air Data 
P | 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 
| 
Designation } 
Pressure Temp. Temp. Temp. Pressure Temp. Atmos- Pressure Temp. Venturi Temp. Weight 
S| at at in of in in Batom- pheric at at Head by | Temp. Temp. | Leaving from 
Date Throttle | Throttle Valve Engine Exhaust | Exhaust eter Pressure Venturi Venturi Mano- Entering | Entering | Con- Con- 
Valve Valve Chest Room Pipe Pipe in. Hg. |lb. persq.| Meter | Meter meter Heater Mixer denser denser | 
lb. persq.| deg. F. deg. F. deg. F. |lb. persq.| deg. F. in. |Ib. per sq.| deg. F. in. Hg. deg. F. deg. F. deg. F. | Ib. per hr. | 
in. gage in. gage A in. gage 
AS-—100-150-a 1-18-15 100 319 317 79.0 0.10 196.0 29.08 14.25 100.20 Tih 0.1016 | 67.0 97 | 88.0 336.2 ( 
AS-100-150-b 1-18-15 100 303 301 77.0 0.15 185.0 | 29.03 14.20 | 100.35 | 86.2 0.2325 70.0 101 85.0 253 .0 r 
AS-100-150-c 1-18-15 100 291 288 77.0 0.20 175.0 | 29,02 14.20 | 100.20 | 88.8 0.3530 | 74.5 | 100 | 81.0 206.0 | : 
AS-100-150-d 1-18-15 100 275 271 77.0 0.25 162.0 | 29.00 14.20 100.60 93.8 0.5225 78.0 | 101 e.0 157.4 | 
AS-100-150-e 1-18-15 100 251 246 76.5 0.30 143.0 28.99 14.20 101.30 103.5 0.7640 81.5 102 71.5 107.2 4 
AS-100-150-f 1-18-15 100 208 201 75.0 0.40 101.0 28.98 14.20 101.30 113.6 1.2600 89.5 100 64.0 48.8 
| AS-100-175-a 1-13-15 100 321 319 81.0 0.15 197.5 29.17 14.30 | 100.40 84.1 0.1140 75.0 98 90.0 395.0 r 
| AS-100-175-b 1-13-15 100 303 301 84.0 0.30 185.0 29.16 14.30 | 100.50 89.3 0.3020 78.0 | 101 85.0 283.0 
| AS-100-175-e 1-13-15 100 291 288 85.0 0.35 175.0 29.14 14.30 100.60 93.1 | 0.4610 -| 82.0 | 101 | 82.0 232.3") : 
AS-100-175-d 1-13-15 100 277 273 85.0 0.40 164.0 | 29,11 14.30 100.80 106.4 0.6520 | 87.0 102 | 80.5 186.2 ( 
AS-100-175-e 1-13-15 100 250 244 85.0 0.50 142.0 29.10 14.30 101.40 123.4 1.0550 | 95.0 101 | 72.0 120.4 
AS-100-175-f 1-13-15 100 208 202 80.5 | 0.60 103.0 | 29m 14.30 101.60 126.9 1.5850 100.0 | 102 62.5 57.0 
| AS-100-200-a 1-12-15 100 321 319 83.0 0.20 198.0 29/35 14.40 100.40 92.0 0.1348 | 78.0 100 95.0 447.8 i 
AS-100-—200-b 1-12-15 100 303 302 84.0 0.30 187.0 29.34 14.40 101.30 94.1 0.3480 | 80.0 101 92.5 335.0 { 
| AS-100-200-c 1-12-15 100 291 289 86.0 0.40 178.0 29.32 14.40 101.30 115.7 0.5730 88.0 102 89.0 271.2 | ( 
AS+100-200-d 1-12-15 100 275 272 73.0 0.50 165.0 | 29.30 14.40 - 101,40 121.3 0.8790 | 95.0 101 | 85.0 206.7 | 1 
| AS-100-—200-e 1-12-15 100 250 246 80.0 0.60 143.5 29.31 14.40 101.90 127.0 1.3400 | 100.0 | 103 75.5 135.0 4 
AS-100-—200-f 1-12-15 100 209 203 81.0 0.80 103.0 29.32 14.40 102.80 | 138.7 2.0500 105.0 102 65.0 64.3 ( 
| | | | 
AS-100-225-a 1-11-15 100 323 320 78.0 0.40 199.0 29.28 14.30 100.25 85.5 0.1613 | 80.0 103 101.0 516.0 j 
AS-100-225-b 1-11-15 100 308 306 82.0 0.40 190.0 29.25 14.30 100.40 89.0 0.3745 81.0 101 97.0 398.5 7 
AS-100-225-—c 1-11-15 100 289 287 81.0 0.60 176.0 29725 14.30 101.70 106.0 0.7870 | 85.0 | 100 92.0 294.3 6 
AS-100-225-d 1-11-15 100 273 270 78.0 0.80 164.0 29725 14.30 101.60 132.3 1.2110 90.0 101 88.0 eye) 7 
AS-100-—225-e 1-20-15 100 324 322 78.0 0.35 202.0 29.16 14.30 | 100.30 76.2 OPT612 3; 65.5 100 98.0 530.2) 7} 7 
AS-100-225-f 1-20-15 100 292 289 77.0 0.60 178.0 29.20 14.30 101.15 90.7 0.7220 | 72.0 | 102 | 91.0 308.9 | 7 
AS-100-225-¢ 1-20-15 100 249 245 74.0 0.80 146.0 | 29725 14.30 101.90 105.0 1.7400 | 82.0 | 102 | 77.5 154-194 7 
AS-100-225-h 1-20-15 100 209 207 73.0 1.00 105.0 29.28 14.30 103.50 122.5 2.6550 97.0 102 | 63.0 12.4 6 
AS-200-150-a 2-19-15 100 243 240 72.0 0.35 138.0 2964 14.50 100.70 121.7 0.7960 | 86.0 202 68.0 80.5 4 
AS-200-150-b 2-19-15 100 225 214 82.0 0.40 113.0 29.64 14.50 100.80 131.2 0.9950 101.0 204 64.0 50.6 3 
AS-200-150-c 2-19-15 100 209 194 82.0 0.45 91.0 29.63 14.50 100.70 129.8 1.1900 108.0 202 59.5 31.9 2 
AS-200-150-d 2-18-15 100 303 299 79.0 0.20 185.0 29.63 14.50 | 99.90 103.2 0.2120 | 77.0 202 78.0 236.5 | 4 
AS-200-150-e 2-18-15 100 288 284 85.0 0.25 175.0 29.62 14.50 | 100.35 115.7 0.3445 | 85.0 203 78.0 183.4 | 4 
AS-200-150-f 2-18-15 100 267 262 86.0 0.40 156.0 | 29.60 14.50 100.20 121.3 0.5500 | 95.0 203 73.0 125.3 | 4 
AS-—200-150-g 2-18-15 100 252 244 80.0 0.30 142.0 29.56 14.50 | 100.50 118.7 | 0.6920 | 97.0 203 68.5 93.5 | 4 
AS-—200-175-a 2-16-15 100 323 316 83.0 0.20 198.0 29.75 14.60 100.10 96.0 0.1282 79.0 203 87.0 372.2 4 
AS-200-175-b 2-16-15 100 306 300 84.0 0.30 187.0 29.75 14.60 100.40 96.0 0.2745 80.0 203 83.5 279.5 4 
AS-200-175-c 3-16-15 100 296 290 84.0 0.30 180.0 29.70 14.55 100.10 103.0 0.3920 83.0 201 81.0 235.4 4 
AS-200-175-d 2-11-15 100 281 277 82.0 0.40 167.0 29.38 14.40 100.40 113.0 0.5940 87.0 203 78.0 182.9 4 
AS-200-175-e 2-11-15 100 274 269 81.0 0.40 162.0 29.38 14.40 100.40 106.0 0.6630 92.0 203 77.0 163.0 4 
AS-200-175-f 2-11-15 100 253 248 83.0 0.50 144.0 29.35 14.40 100.50 114.0 0.9390 95.0 203 #220 109.1 4 
AS-—200-175-g 2-11-15 100 235 229 82.0 0.60 128.0 29.35 14.40 100.30 118.3 1.1750 102.0 203 | 67.0 80.9 4 
AS-—200-175-h 2-11-15 100 208 191 80.0 0.70 86.0 29.34 14.40 100.50 121.7 1.7300 | 104.0 203 60.0 31.4 3 
AS-200-175-i 2-11-15 100 221 211 78.0 0.60 109.0 29.34 14.40 100.60 122.0 1.3920 106.0 203 64.0 49.1 3 
AS-200-175-j 2-17-15 100 286 281 70 0.35 172.0 29.68 14.50 100.30 127.5 0.5300 100.0 203 79.0 199.6 5 
AS-200-175-k 2-17-15 100 268 262 . 73.0 0.30 158.0 29.65 14.50 100.40 132.4 0.7450 | 101.0 203 75.0 148.7 4 
AS-200-175-1 2- 815 100 321 317 77.0 O20 al wes tye eee 29.63 14.50 99.90 88.4 b iO 1162. | 67.5 205 85.5 376.8 4 
AS-200-175-—m 2-— 9-15 100 299 295 76.0 0.30 181.0 29.68 14.50 100.80 86.0 0.3400 71.0 205 82.0 240.2 4 
AS-—200-200-a 2-15-15 100 320 316 79.0 0.30 198.0 29.48 14.45 100.35 99.3 | 0.1635 78.0 204 94.0 413.0 4 
AS-—200-200-b 2-15-15 100 305 300 78.5 0.30 187.0 29.48 14.45 100.15 99.8 0.3535 83.0 203 88.5 314.8 4 
[eee | 100 290 287 80.0 0.40 176.0 29.50 14.45 100.00 104.1 0.6060 88.0 202 85.0 251.3 4 
—— . 100 265 261 81.0 0.60 156.0 29.51 14.45 100.40 113.0 1.0020 92.0 203 77.5 161.6 4 
HO-RO—. 100 247 240 84.0 0.70 140.0 29.55 14.50 100.70 116.0 1.3250 95.0 203 72.5 114.8 4 
AS-200-200-f 2-10-15 100 223 213 82.0 0.80 115.0 29.55 14.50 101.00 120.4 1.8400 100.0 203 65.0 66.2 4 
AS-200-200-g 2- 5-15 100 303 299 77.5 0.40 183.0 29.85 14.60 100.30 103.0 0.3890 79.0 207 88.0 298.9 3 
AS-200-200-h 2- 5-15 100 289 286 76.0 0.45 173.0 29.83 14.60 100.30 106.2 0.6010 88.0 203 86.0 235.8 5 
~ AS-200-200-i 2- 5-15 100 275 271 75.0 0.60 162.0 29.83 14.60 100.30 108.2 0.8250 | 90.0 203 82.0 183.2 4 
AS-200-200-j 2- 3-15 100 316 314 76.0 0.35 194.0 29.38 “14.40 100.30 101.6 0.2200 | 78.0 204 89.5 387 .2 t 
AS-200-200-k 2-17-15 100 277 273 78.0 0.60 166.0 29.75 14.60 100.35 118.0 0.7930 82.0 204 80.0 195.0 4 
AS-200-200-1 2-17-15 100 257 252 73.0 0.70 151.0 29.69 14.55 100.40 129.5 1.1420 97.0 203 76.0 140.6 4 
AS-200-225-a 2-12-15 100 es 313 81.0 0.45 196.0 a 42 14.40 100.20 98.0 0.2600 80.0 203 98.0 432.0 | 5 
AS-200-225-b 2-12-15 100 303 301 80.0 0.40 188.0 29.43 14.40 100.30 108.1 0.4455 87.0 203 | 96.0 353.2 | 4 
AS-200-—225-ce 2-12-15 100 292 290 82.0 0.50 179.0 29.40 14.40 100.50 107.2 0.6620 93.0 202 | 90.5 293.4 5 
AS-200-225-d 2-12-15 100 283 281 79.0 O00 MANE as ore 29.38 14.40 100.20 106.6 | 0.8535 94.0 203 87.0 255.8 | 5 
AS-200-225-e 2-12-15 100 265 262 80.0 0.70 160.0 29.38 14.40 | 101.00 111.4 | 1.2700 | 99.0 205 82.5 | 190.0 + 
AS-200-225-£ 2-12-15 100 239 235 79.0 0.90 136.0 29.38 14.40 101.70 125.9 | 1.9000 107.0 203 74.0 |} 115.0 + 
AS-200-225-g¢ 2-12-15 100 214 201 77:0 1.15 101.0 29.38 14.40 102.20 133.2 | 2.7750 113.0 202 63.0 54.3 2 
AS-300-200-a 3-12-15 100 324 322 78.0 0.30 201.5 29.66 14.50 100.10 96.3 0.1202 77.0 308 91.5 460.5 2 
3-12-15 100 308 300 72.0 0.30 187.0 29.66 14.50 100.30 112.2 0.3830 81.0 306 87.5 308.8 | 2 
3-12-15 100 296 282 73.0 0.50 173.0 29.64 14.50 100.50 118.5 0.6980 90.0 305 82.5 } 292.1 | 1 
3-12-15 100 290 264 78.0 0.50 158.0 29.64 14.50 100.65 120.7 0.9875 96.0 307 77.5 } 159.1 1 
3-12-15 100 283 244 74.0 0.70 138.0 2s 64 14.50 100.85 124.2 1.4000 102.0 305 ai.0— 1 101.9 0 
| | 
3-11-15 100 325 324 80.0 0.40 202.0 29.57 i .50 100.60 99.8 0.1430 | 76.5 308 103.0 514.8 0 
3-11-15 100 310 306 80.0 0.50 190.0 29.57 14,50 100.70 107.3 0.4140 81.0 305 96.0 365.0 | 0 
3-11-15 100 298 286 81.0 0.60 175.0 29.57 14.50 101.00 115.0 0.7940 89.0 305 88.5 259.8 | 1 
3-11-15 100 291 270 78.0 0.70 162.0 29.54 1. 101.35 123.4 1.1750 98.0 306 $2.0 |} 184.0 | 1 
3-15-15 100 283 243 77.0 1.00 134.0 29.67 14.5) \ 101.80 121.4 1.8100 104.5 305 74.0 | 103. 1 
| 
3- 4-15 100 328 323 77.0 0.27 205.0 29.55 14.50 100.30 93.3 0.1100 75.5 | 408 96.0 462.5 0. 
3- 4-15 100 324 303 79.0 0.30. 189.0 29.50 14.45 100.30 104.2 0.3010 79.0 411 88.0 317.3 0 
3- 4-15 100 330 290 78.0 0.35 176.0 29.46 14.40 100.65 107.6 0.5240 85.0 409 83.0 231.3 | 0 
3- 4-15 100 339 283 79.0 0.40 163.0 29.40 14.40 100.80° 115.4 ° 0.7540 91.0 412 Py 16.0 165.2 | 0 
3- 4-15 100 346 302 78.0 0.50 142.0 29.40 14.40 100.65 123.7 1.0850 100.0 406 72.5 100.2 | 0 
3-— 4-15 100 360. —. 318 84.0 0.60 125.0 29.87 14.60 101.10 133.2 1.3950 101.0 410 67.0 | 60.3 0 
3- 9-15 100 328 304 86.0 0.50 189.0 29.67 14.50 100.80 | 125.2 0.4150 99.0 | 412 96.0 | 338.9 | 9. 
3- 9-15 100 336 309 82.0 0.60 172.0 29.68 14.50 101.00 125.2 0.7680 97.0 408 89.0 226.8 0. 
3- 9-15 100 347 315 79.0 0.70 154.0 29).68 14.50 101.20 120.8 1.1720 85.0 410 78.5 138.5 0. 
3- 8-15 100 ya 320 80.0 0.80 138.0 29.62 14.50 101.30 126.5 1.4970 107.0 410 75.0 93.8 0. 
3- 8-15 100 ane 326 79.5 0.80 126.0 29. 62 14.50 101,00 126.1 1.7480 107.0 410 69.5 65.0 0. 
{ : 
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Resutts or Tests Usina Arr-Srram MIxTURES 


Steam Data Engine Data 
18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 
Weight 
ht Carried Weight Weight Pressure | 
1 off by Moisture Wet at | Temp. in | Quality Heat m. e. p. m. e. p. i. h. p. i. h. p. Weight Cor- 
ag Sat’d Originally | Steam Calori- | Calori- | of | Content r. p.m Head Crank Head Crank Total b. h. p. |Mechanieal| Air by rection 
ber | Exhaust in Air Supplied meter meter Steam per lb. End End End End aN ce oe : Efficiency | Formula Factor 
hr Air Ib. per hr. | lb. per hr. |lb. per sq. | deg. F. lb. per hr. 
Ib. per hr. | in. gage | # 
| 

5.4 0.3 347.7 101.0 279 0.9925 1184.0 106.65 35.08 37.04 8.57 8.56 17.13 16.00 0.934 180.5 1.006 
] TES 0.5 266.8 | 101.0 | 279 0.9925 1184.0 106.43 35.35 35.71 8.62 8.23 16.85 15.96 0.946 271.0 1.006 
729 gaan 0.8 220.6 | 102.0 278 0.9920 1183.5 106.25 35.77 36.33 8.70 8.36 17.06 15.94 0.935 333.0 1.006 
Bey i pre i 101.0 279 0.9925 | 1184.0 106.25 35.25 37.02 8.58 8.52 17.10 15.94 0.932 403.0 1.006 
Bes mls ol -4: 119.0 | 107.0 281 0.9925 1185.0 105.98 36.31 36.44 soso 8.36 17248 15.90 - 0.925 485.0 1.006 

Sat ene 222 BOS i 10708 sie eL 0.9925 1185.0 105.82 36.79 36.50 8.95 8.37 17.32 15.87 0.916 617.0 1.004 
6.0 0.4 408.0 101.5 279 =| ~0.9925 1184.0 106.20 41.46 43.24 10.08 9.95 20.03 18.59 0.927 190.4 1.006 
S22 ei OLS 297.9 102.0 279 0.9925 1184.0 106.08 40.10 42.70 9.73 9.82 19.55 18.56 0.949 308.0 1.006 
le (aes 249.3 102.0 279 =| 0.9925 1184.0 105.95 40.40 42.90 9.81 9.85 19.66 18.54 0.943 380.0 1.006 
) 10.3 1.5 201.9 102.0 | 279 | 0.9925 1184.0 105.88 39.86 43.09 9.67 9.87 19.54 18.53 0.948 446.0 1.006 
9.7 2.4 133.3 108.0 | 282 0.9925 1185.0 105.70 40.27 42.53 9.76 9.74 19.50 18.50 0.948 561.0 1.005 
; 8.5 3.4 Tae 107.5 | 282 0.9925 1185.0 105.45 40.81 42.97 9.85 9.82 19.67 18.45 0.938 683.0 1.003 
) Tht 0.5 460.5 102.0 | 279 | 0.9925 1184.0 105.44 47.52 48.45 11.48 11.06 22.54 21.09 0.935 205.0 1.006 
f 11.4 0.9 351.2 104.0 | 280 | 0.9925 1184.5 105.23 46.20 47.63 11.15 10.85 22.00 21.05 0.957 331.0 1.006 
; 12.7 1.5 288.7 107.0 | 281 0.9925 1185.0 105.12 46.90 48.27 11.30 _ 11.00 22.30 21.02 0.942 416.0 1.006 
| 13.8 ono 225.4 AL 7-OM ZED 0.9930 1186.5 105.02 45.96 48.26 11.06 10.98 22.04 21.00 0.908 514.0 1.006 
) 1223 Seo 150.0 115.0 284 0.9930 1186.5 105.07 45.24 48.74 10.90 11.10 22.00 21.01 0.955 631.0 1.004 
} 10.4 4.5 76.7 115.0 284 0.9930 1186.5 104.93 45.73 48.89 11.00 | 11.18 22.13 20.99 0.948 775.0 1.001 
L 10.4 | 0.6 531.2 | 102.0 279 0.9925 | 1184.0 104.86 52.65 53.65 12.65 12.20 24.85 23.59 0.949 226.0 1.006 
} 13.9 1.0 418.9 | 102.5 279 0.9925 | 1184.0 | 104.65 51.76 52.76 12.42 11.96 24.38 23.55 0.965 344.0 1.006 
} 16.7 1.5 316.0 113.0 283 =| 0.9925 1186.0 104.68 52.76 54.09 12.66 12.27 24.93 23.55 0.945 492.0 1.006 
L bey 2 2; 250.1 114.0 283 =| «40.9925 1186.0 104.60 52.03 54.14 12.47 12.26 24.73 23.54 0.952 595.0 1.005 
4 9.1 0.4 546.1 | 100.0 278 0.9920 1183.5 103.48 53.62 53.15 Plea 11.92 24.63 23.28 0.945 220.0 1.006 
) 15.8 1.0 330.7 107.0 281 | 0.9925 1185.0 103.15 52.99 53.07 12.52 11.87 24.39 23,21 0.952 476.0 1.006 
L 15.1 Ai 174.5 116.0 285 | 0.9930 1187.0 103.03 53.02 53.55 12.55 11.95 24.47 23.18 0.946 731.0 1.002 
7 11.2 4.1 86.5 111.0 283. | 0.9925 1186.0 103.05 52.39 53.48 12.37 11.93 24.30 23.19 0.954 895.0 0.997 
j Tat 1.6 90.5 101.0 278 =| 0.9920 1183.5 104.70 36.06 38.01 8.65 8.63 17.28 15.71 0.998 486.0 1.006 
5 6.8 2.8 58.2 102.0 279 | 0.9925 | 1184.0 | 104.48 35.50 37.87 8.50 8.58 17.08 15.68 0.918 540.0 1.005 
) 6.4 3.8 37.4 101.0 279 =| 0.9925 1184.0 104.40 36.69 39.25 8.78 8.88 17.66 15.67 0.887 591.0 1.005 
} 5.4 0.6 245.9 101.0 275 0.9910 1182.5 104,82 35.02 36.22 8.41 8.22 16.63 15.74 0.947 255.0 1.006 
5 6.7 1.0 193.6 102.0 275 0.9910 1182.5 104.73 35.32 36.50 8.48 8.28 16.76 15.72 0.938 322.0 1.006 
) ol 18 134.6 102.0 275 0.9910 1182.5 104.65 34.94 36.84 8.38 8.35 16.73 15.70 0.938 404.0 1.006 
4 6.9 2.1 102.7 102.0 275 0.9910 1182.5 104.55 35.18 37.06 8.42 8.40 16.82 15.69 0.933 455.0 1.006 
) 5.6 0.5 381.8 101.0 276 0.9910 1182.5 104.57 41.05 42,22 9.83 9.56 19.39 18.30 0.943 193.0 1.006 
3 wae 0.8 290.3 102.0 276 0.9910 1182.5 104.45 41.15 42.09 9.85 9.52 19.37 18.28 0.943 292.0 1.006 
3 8.0 1.0 246.7 101.0 276 0.9910 1182.5 104.36 41.28 42.32 9.87 9.56 19.43 18.26 0.940 346.0 1.006 
5 9.0 1.4 195.0 101.0 279 0.9925 1184.0 104.47 41.37 42.51 9.91 9.62 19.53 18.28 0.936 423.0 1.006 
5 9.3 eS 175.0 101.0 279 0.9925 1184.0 104.42 41.38 42.15 9.90 9.54 19.44 18.27 0.939 450.0 1.006 
5 8.9 253 120.2 101.0 279 0.9925 1184.0 104.66 41.72 42.39 10.01 9.61 19.62 18.32 0.933 531.0 1.006 
4 8.5 yal 90.7 101.0 279 0.9925 1184.0 104.57 41.18 43.09 9.87 9.75 19.62 18.30 0.932 591.5 1.005 
) 8.0 4:1 38.3 102.0 279 0.9925 1184.0 104.33 42,22 44.54 10.09 10.06 20.15 18.26 0.905 715.0 1.002 
4 8.2 3.8 56.9 102.0 279 0.9925 1184.0 104.53 41.59 43.64 9.96 9.88 19.84 18.29 0.921 642.0 1.004 
1) 8.5 2.0 211.1 101.5 277 0.9915 1183.0 104.13 41.35 42.66 9.87 9.62 19.49 18.22 0.935 394.0 1.006 
8 8.8 2.4 159.9 102.0 276 0.9910 1182.5 104,22 41.28 42.76 9.85 9.65 19.50 18.24 0.935 466.0 1.006 
6 5.1 0.3 386.2 101.5 279 0.9925 1184.0 105.10 39.64 42.44 9.55 9.68 19.23 18.39 0.956 191.0 1.006 
4 7.9 0.6 251.9 101.5 279 0.9925 1184.0 103.57 39.02 43.03 9.26 9.65 18.91 18.12 0.958 328.5 1.006 
2 se 0.6 424.8 101.0 277 0.9915 1183.0 103.95 46.95 47.52 11.19 10.70 21.89 20.79 0.948 225.0 1.006 
1 9.8 1.0 327.7 102.0 274 0.9900 1182.0 103.78 46.77 47.53 fit? 10.68 21.80 20.76 0.952 330.0 1.006 
7 11.5 1.5 266.0 102.0 || 274 0.9900 1182.0 103.63 47.04 48.21 11.16 10.83 21.99 20.73 0.942 430.0 1.006 
7 ater zz 175.4 101.0 276 0.9910 1182.5 103.70 46.89 47.98 11.15 10.78 21.93 20.74 0.946 549.0 1.005 
3 11.0 2.8 127.3 101.0 278 0.9920 1183.5 103.68 47.36 48.46 11.25 10.89 22.14 20.74 0.937 630.0 1.004 
4 9.9 aye 76.8 102.0 278 0.9920 1183.5 103.43 47.82 48.78 11.34 10.93 22.27 20.67 0.928 740.0 1.002 
2 10.4 0.9 311.8 101.0 278 0.9920 1183.5 103.67 46.90 47.81 11.15 10.74 21.89 20.73 0.946 345.0 1.006 
£ 12.0 1.5 251.7 101.0 277 0.9915 1183.0 103.57 46.05 47.55 10.93 10.67 21.60 20.71 0.958 427.0 1.006 
3 12.3 1.8 198.5 102.0 277 0.9915 1183.0 103.38 45.78 47.52 10.84 10.64 21.48 20.68 0.962 500.0 1.006 
3 BTSs 0.7 399.1 101.0 278 0.9920 1183.5 104.47 45.81 48.68 10.96 11,02 21.98 20.89 0.945 260.0 1.006 
7 10.7 1.4 209.0 100.0 277 0.9915 1183.0 103.54 46.54 48.01 11.05 10.76 21.81 20.71 0.948 486.0 1.006 
3 aS 2.7 154.0 101.5 277 0.9915 1183.0 103.45 ‘7 48.61 tet 10.90 22.07 20.69 0.937 578.0 1.005 
1 11.6 0.8 447.9 101.0 277 0.9915 1183.0 103.60 52.51 53.16 12.46 11,94 24.40 23.31 0.955 283.0 1.006 
3 14.1 ie 370.9 101.0 277 0.9915 1183.0 103.64 52.09 52.68 12.36 11.84 24.20 23.32 0.964 368.0 1.006 
3 14.4 tes 311.3 101.0 277 0.9915 1183.0 103.64 51.98 52.64 12.34 11.82 24.16 23.32 0.964 449.0 1.006 
1) 14.6 a1 PLELS 105.0 279 0.9925 1184.0 103.70 52.05 53.06 12.37 11.93 24.30 23.33 0.959 509.0 1.006 
l 15.2 3.1 206.2 105.0 279 0.9925 1184.0 103.45 52.22 53.61 12.38 12.02 24.40 28.28 0.954 620.0 1.004 
5 14.0 4.7 128.8 109.0 281 0.9925 1185.0 103.37 52.70 53.61 12.48 12.00 24.48 23.26 0.948 751.0 1.001 
5 10e2 6.6 61.4 112.0 282 0.9925 1185.0 103.25 53.12 55.15 12.56 12.33 24.89 23.23 0.933 901.0 0.997 
3 6.3 0.5 468 .6 102.0 279 0.9925 1184.0 106.40 46.10 49.19 11.23 11,34 22.57 21.28 0.942 193.5 1.006 
3 9.8 0.9 320.0 102.0 280 0.9930 1184.5 106.08 46.41 47.91 11.28 11.01 22.29 21.22 0.952 340.0 1.006 
8 114 il 233.3 102.0 279 0.9925 1184.0 105.98 46.69 47.92 11.34 11.00 22.34 21.20 0.948 456.0 1.006 
0 TAL 2.4 168.8 102.0 279 0.9925 1184.0 105.92 46.17 48.27 11.21 11.07 22.28 21.18 0.950 542.0 1.005 
1) 10.7 3.5 109.1 102.0 279 0.9925 1184.0 105.90 46.81 48.87 11.35 HST 22.56 21.18 0.938 645.0 1.005 
0 10.1 0.5 524.4 102.0 278 0.9920 1183.5 106.05 51.63 54.77 12.52 12.57 25.09 23.86 0.950 210.5 1.006 
8 13.5 1.0 378.3 102.0 279 0.9925 1184.0 105.98 50. 53.37 12.32 12.25 24.57 23.85 0.970 355.0 1.006 
8 14.6 1.8 274.4 102.0 279 0.9925 1184.0 105.75 51.0 53.29 12.36 12.21 24.57 23.79 0.968 489.0 1.006 
0 14.1 2.8 196.3 102.0 279 0.9925 1184.0 105.40 51) 53.68 12.38 12.25 24.63 23.72 0.963 592.0 1.005 
0 13.5 4.2 113.6 102.0 279 0.9925 1184.0 104.42 52.2 54.68 12.52 12.36 24.88 23.49 0.944 736.0 1.002 
0 7h} 0.4 469.3 102.0 275 0.9910 1182.5 103.49 46. 47.49 10.98 10.65 21.63 20.70 0.957 185.0 1.006 
) 9.0 0.8 325.5 102.0 275 0.9910 1182.5 103.38 46.64 47.54 11.04 10.65 21.69 20.68 0.953 305.0 1.006 
0 10.1 1.3 240.1 102.0 277, 0.9915 1183.0 103.38 47. 47.52 11.14 10.64 21.78 20.68 0.950 400.0 1.006 
0 10.1 1.9 173.4 102.0 277 0.9915 1183.0 103.35 46, 47.58 11.01 10.65 21.66 20.67 0.953 477.0 1.006 
0 9.9 28 107.3 102.0 277 0.9915 1183.0 103.20 46. 47.46 11.06 10.60 21.66 20.64 0.952 566.0 1.005 
) 9.4 3.3 66.4 101.5 280 0.9930 1184.5 103.03 46.8 48.70 11.05 |° 10.87 21.92 at 0.940 637.0 1.004 
0 13.4 iby 350.6 102.0 280 0.9930 1184.5 104.00 50.73 52.24 12.09 Liea 7, 23.86 22.88 0.958 351.0 1.006 
0) 14.6 222 239.2 102.0 280 0.9930 1184.5 103.95 50.9 52.42 12.14 11.80 23.94 22.87 0.955 477.0 1.006 | 
0 12.6 1.9 149.2 102.0 280 0.9930 1184.5 103.88 51.10 52.56 12.16 11.82 23.98 22.85 0.952 591.0 1.005 
0 12.5 4.1 102.2 102.0 280 0.9930 1184.5 104.57 51.46 52.17 12.33 11.82 24.15 Beat 0.952 665.0 1.003 
0 11.2 4.4 71.8 102.0 280 0.9930 1184.5 104.10 51.6 , 52.25 12.32 11.77 24.09 22.90 0.950 718.0 1.002 


| 
Weight 
shir | 
Confp 


Results 
36 37 38 39 - 40 41 42 43 44 45 46 47 48 49 
Dry : ; 
Steam Steam Theor. Air Water ih. p. Designation 
Veight Weight in Weight Weight in Temp. Rate Rate Available Per Cent 
Dry Mixture | Per Cent Steam Mixture | Per Cent of at at i. h. p. 1, p; from i, bap: Grined 
Steam in of Entering | Entering of Dry i. h. p. i. h. p. Available | Available | Air and Gained by 
upplied Mixing Mixture | Cylinder | Cylinder | Mixture Satur- of Test of Test from from Steam by Mixing 
per hr. | Chamber in Ib. per hr. | lb. per hr. | Entering ation from from Air Steam Separ- Mixing : 
Ib. per hr.| Mixing Cylinder | deg, F. Curves Curves ately 
Chamber 
.0 526.6 65.5 341.6 523.2 65.3 316.3 49.20 30.56 3.69 11.29 14.98 2.15 14.35 |AS-100-150-a 
6 537.2 49.2 260.3 532.9 48.8 301.4 49.50 30.70 5.51 8,62 14.13 2.72 19.25 |AS-100-150-b 
ay) 553.7 39.5 213.9 548.9 38.9 289.6 49.30 30.60 6.80 7.15 13.95 3.11 22.30 |AS—100-150-c 
3 576.7 29.7 166.0 571.4 29.1 274.3 49.30 30.60 8.22 5.60 13.82 3.28 23.70 |AS—100-150-d 
9 605.8 19.5 115.5 603.4 19.1 253.0 49.20 30.55 9.91 3.86 13.77 3.41 24.75 |AS—100-150-e 
2 678.7 8.7 56.9 676.4 8.4 212.2 49.05 30.50 12.63 1.94 14.57 2.75 18.85 |AS-100-150-f 
Br 596.2 67.9 401.0 592.5 68.8 318.1 47.90 29.74 4.00 13.60 17.60 2.43 13.80 |AS—100-175-a 
5 605.3 48.8 291.2 601.0 48.4 301.0 48.00 29.84 6.45 9.90 16.35 3.20 19.55 j|AS-100-175—b 
.2 §29.5 39.2 242.3 624.6 38.8 289.5 47.95 29.84 vaya 8,28 16.25 3.41 21.00 |AS-100-175-c 
.2 648.9 30.8 196.5 645.2 30.4 277.0 48 .00 29.84 9.35 6.71 16.06 3.48 21.65 |AS-100-175-d 
0 695.8 19.0 130.1 693.9 18.8 252.0 48.00 29.85 11.75 4.42 16.17 3.33 20.60 |AS-100-175-e 
.O 761.0 10.0 65.5 750.5 rey sd 214.0 47.95 29.80 14.26 2.55 16.81 2.86 17.00 |AS-100-175-f 
0 663.2 69.0 455.5. 661.7 68.8 319.0 47.75 29.43 4.32 15.53 19.85 2.69 13.55 |AS-100-—200-a 
5 681.5 61.1 346.4 679.4 51.0 303.6 47.73 29.48 6.97 11.82 18.79 3.21 17.08 |AS—-100-200-b 
3 704.8 40.7 283.9 702.4 40.4 291.7 47.73 29.45 8.77 9.72 18.49 3.81 20.60 |AS-100—200-c 
5 740.6 30.2 220.5 737.6 29.9 275.8 47.73 29.48 10.83 7.58 18.41 3.63 19.70 |AS-100-200-d 
6 782.1 19.0 147.3 780.8 18.8 252.4 47.73 29.48 13.26 5.04 18.30 3.70 20.20 |AS-100-200-e 
5.8 851.6 8.9 74.7 850.5 8.8 214.5 47.73 29.47 16.25 2.57 18.82 3.31 17.60 |AS-100-200-f 
.0 754.4 69.9 526.4 753.8 69.8 319.7 48 .20 29.42 4.72 17.91 22.63 2.22 9.81 |AS-100-225-a 
5 761.6 64.5 412.4 758.5 54.4 306.7 48.00 29.42 7.21 14.12 21.33 3.05 14.30 \|AS—100-225-b 
3 808.3 38.8 311.0 806.0 38.5 289.3 48 .20 29.42 10.26 10.65 20.91 4.02 19.25 |AS—100-225-c¢ 
er 845.7 29.3 244.9 842.9 29.1 274.4 48.15 29.42 12.40 8.42 20.82 3.91 18.76 |AS—-100-225-d 
0 763.3 71.0 539.3 760.6 70.8 320.5 48.10 29.42 4.60 18.42 23.02 1.61 6.99 |AS-100-225-e 
.O 806.9 40.7 324.7 803.6 40.4 291.6 48 .00 29.42 9.97 11.15 21.12 3.27 15.48 |AS—-100-225-f 
9 905.4 19.1 169.2 901.7 18.8 252.2 48.05 29.42 15.22 5.88 21.10 3.37 15.95 |AS-100-225-¢ 
6 977.9 8.8 83.9 976.2 8.6 213.5 48 .00 29.42 18.58 2.91 21.49 2.81 13.07 |AS—100-225-h 
9.7 578 .6 15.5 87.6 576.5 15.2 241.3 42.60 30.50 11.50 2.94 14.44 2.84 19.65 |AS—200-150-a 
AY 600.4 9.6 57.4 600.1 9.6 218.5 42.70 30.60 12.70 1.89 14.59 2.49 17.06 |AS—200-150-b 
.0 631.0 5.9 38.3 632.3 6.0 197.0 42.35 30.38 14.02 1.22 15.24 2.44 16.00 |AS—200-150-c 
5 500.0 48.7 241.9 498.4 48.5 301.2 43.10 30.80 5.95 7.91 13.86 2.77 20.00 |AS—200-150-d 
6 515.5 37.9 190.1 514.0 37.0 287.0 43.00 30.74 7.53 6.23 13.76 3.00 21.80 |AS—200-150-e 
2 539.6 24.7 132.4 538.8 24.6 265.7 43.00 30.74 9.45 4.33 13.78 2.95 21.40 |AS-—200-150-f 
6 559.3 18.2 100.4 558.1 18.3 249.8 42.95 30.70 10.65 3.31 13.96 2.86 20.50 |AS-200-150-¢ 
ue 571.9 66.0 377.8 572.0 66.0 a17.1 41.75 29.88 4.65 12.65 17.30 2.09 12.08 |AS-200-175-a 
5 581.3 49.5 386.8 680.6 56.8 302.1 41.75 29.88 7.03 9.62 16.65 2.72 16.32 |AS—200-175-b 
.2 592.3 41.2 243.4 591.5 41.2 292.6 41.75 29.86 8.33 8.18 16.51 2.92 17.68 |AS-200-175-c 
3 618.8 31.2 191.9 617.4 31.1 278.0 41.70 29.84 10.20 6.48 16.68 2.85 17.08 |AS-200-175-d 
5 626.2 27.7 172.3 625.0 27.5 271.8 41.75 29.86 10.84 5.81 16.65 2.79 16.75 |AS—200-175-e 
.0 653.2 18.2 118.0 652.2 18.1 250.3 41.70 29.80 12.80 3.99 16.79 2.83 16.85 |AS—200-175-f 
8 684.3 13.1 89.4 683.9 13.1 233.8 41.70 29.80 14.24 3.02 17.26 2.36 13.66 |AS—200-175-g 
8 754.3 5.0 39.4 755.9 5.2 190.1 41.60 29.70 17.23 1.27 18.50 1.65 8.92 |AS-200-175-h 
3.3 700.9 8.0 57.3 701.9 8.2 211.0 41.65 29.78 15.46 1.89 17.35 2.49 14.35, |AS-—200-175-i 
2 605.6 34.5 208.1 604.5 34.4 283.3 41.73 29.85 9.49 7.01 16.50 2.99 18.10 |AS-200-175-j 
.2 627.0 25,2 157.5 625.3 25.2 267.0 41.73 29.85 11.23 5.30 16.53 2.97 17.96 |AS-200-175-k 
5 575.7 66.5 371.9 564.1 65.9 316.9 41.80 29.90 4.60 12.83 17.43 1.80 10.33 |AS—200-175-1 
.0 580.5 43.1 248.1 578.6 42.8 294.6 41.85 30.00 7.89 8.33 16.22 2.69 16.57 |AS—200-175-m 
.0 647.4 65.0 421.2 647.6 65.0 316.2 41.50 29.49 5.45 14.37 19.72 2.17 11.00 |AS-200-200-a 
4 656.4 49.4 324.6 656.6 49.4 302.1 41.50 29.50 8.00 11.00 19.00 2.80 14.73 |AS—200-200-b 
0 695.6 37.8 262.8 695.4 37.8 288 .2 41.50 29.48 10.42 8.92 19.34 2.65 13.70 |AS—200-—200-c¢ 
3.7 725.5 23.9 172.9 724.7 23.9 264.4 41.50 29.48 13.29 5.89 19.18 2.75 14.34 |AS-200-200-d 
an 758.6 16.6 125.8 758.3 16.6 245.9 41.50 29.47 15.23 4.28 19.51 2.63 13.47 |AS-200-200-e 
».9 817.4 9.3 76.1 817.6 9.3 217.3 41.50 29.45 17.86 2.58 20.44 1.83 8.95 |AS-200-200-f 
0 656.1 47.1 309.3 656.4 47.1 299.4 41.50 29.49 8.36 10.48 18.84 3.05 16.20 |AS-200-200-g¢ 
5 679.1 36.7 247.8 677.4 36.6 > 286.6 41.50 29.50 10.35 8.46 18.81 2.79 14.83 |AS-—200-—200-h 
.6 699.6 28.1 195.5 698.5 29.0 272.7 41.50 29 .52 12.10 6.66 18.76 2.72 14.49 |AS-200-200-i 
BY as 657.3 60.2 395.5 657.1 60.2 312.2 41.50 29.48 6.30 13.42 19.72 2.26 11.46 |AS-—200-200-j 
.0 695.9 29.7 205.7 694.6 29.6 | 275.6 41.50 29.50 Bite 7.01 18.78 3.03 16.13 |AS-—200—-200-k 
5 733.4 20.8 151.9 732.8 20.7 257.3 41.50 29.47 14.00 5.17 19.17 2.90 15.12 |AS-200-200-1 
.0 728.7 60.9 443.6 728.3 60.8 312.9 41.70 29 .33 6.82 15.14 21.96 2.44 11.10 j|AS-200-225-a 
5 737.7 49.8 367.3 737.5 49.8 302.5 41.70 29.34 8.87 12.53 21.40 2.80 13.08 |AS-200—225-b 
3 760.0 40.6 307.8 759.5 40.5. 291.8 41.70 29.34 10.83 10.51 21.34 2.82 | 13.20 |AS-—200-225-c 
0 783.0 34.6 270.4 782.4 34.6 — 283.8 41.70 29.33 12.28 9.24 21.52 2.78 12.92 |AS—200-225-d 
3 826.8 24.7 205.2 827.7 24.8) 266.4 41.70 29.33 14.90 6.97 21.87 2.53 11.55 |AS-—200-225-e 
A) 879.5 14.5 129.0 881.0 14.6 239.5 41.75 29.33 18.00 4.35 22.35 2.13 9.53 |AS-200-225-f 
6 958.9 6.3 65.5 963.8 6.8 202.5 41.85 29.32 21.45 2.07 23.52 1.37 5.82 |AS~200-225-¢ 
5.0 659.7 70.5 466.8 661.5 70.5 320.4 37.50 29.43 5.19 15.80 20.99 1.58 7.53  |AS-300-200-a 
5 659.5 48.2 318.6 660.6 48.2 300.9 37.50 29.45 9.12 10.78 19.90 2.39 12.00 |AS-300-200-b 
2 689.9 33.5 233.2 691.9 33.7 282.4 37.50 29.45 12.23 7.85 20.08 2.26 11.25 |AS-300-200-c 
2 712.1 23.5 170.2 715.1 23.8 264.2 37.50 29.45 14,52 5.68 20.20 2.08 10.30 A5-300-200-d 
.2 751.8 14.1 112.6 758.2 14.8 239.5 37.50 29.42 17.20 3.61 20.81 1.75 | 8.42 AS-300-200-e 
| 
.0 731.8 71.0 524.9 736.7 71.2 320.9 37.85 29.32 5.59 17.73 23 .32 a 7.59 AS-300-225-a 
0 732.1 51.2 378.5 735.6 51.4 304.2 37.70 29.33 9.46 12.78 22.24 2.33 10.47 |AS-300-225-b 
.0 763.9 35.6 274.4 766.3 35.8 285.5 37.70 29.33 13.05 9.27 22.32 2.35 10.53 |AS-300-225-c 
4 789.3 24.6 198.1 793.0 25.0 266.8 37.75 29.33 15.75 6.62 22.37 2.26 10.10 AS-300-225-d 
2.3 849.8 13.2 116.8 854.3 13.7 236.2 37.80 29.32 19.50 3.83 23.33 1.55 6.54 |AS-300-225-e 
r 651.1 71.4 469.7 655.8 71.6 321.1 34.00 29.50 5.47 15.77 21.24 0.39 1.84 |AS-400-200-a 
y 629.3 51.2 . 326.3 633.1 51.5 304.3 34.00 .50 9.02 10.93 19.95 1:74. | 8.70 |AS-400-200-b 
3 640.2 87.1 241.4 643.8 37.5 287.8 34.00 .50 11.84 8.06 19.90 1.88 9.45 |AS-400-200-c 
0 5.82 19.92 1.74 8.73 |AS-400-200-d 
..8 651.7 26.3 175.3 655.2 26.7 270.2 34.00 9.50 14.1 v 
2 675.0 15.7 110.1 678.9 16.2 244.6 34.00 .50 16.73 3.60 20.33 1.33 6.54 |AS—400-200-e 
a 705.2 9.3 69.7 709.2 9.8 219.8 34.00 48 18.80 2.23 21.03 0.89 4.23 |AS-400-200-f 
2 .36 11.86 22.22 1.64 7.38 |AS-400-220-a 
4 fates ae Seay ee a4 Said thoe ss i410 8.08 | 22.18 1.76 7.93 |AS-400-220-b 
0 . 5 P f ; 2 og 744 5.04 22.48 1.50 6.67 |AS-400-220-c 
8 741.8 19.9 151.1 745.1 20.3 256.0 34.05 29.35 legs 
: ; 5 3.45 | 23.00 | 1.15 5.00 |AS~400-220-d 
iy, 768.2 13,2 106.3 773.3 13.7 235.9 34.10 35 19.5 43 (aB-400-290- 
9 790.8 |: 9.0 76.2 |. 795.6 ~ 9.6 218.7 34.10 35 21.10 2.42 23.52 0.57 2. e 
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Fig. 9. PERCENTAGE GAIN IN INDICATED Horse PoWER FOR DIFFERENT 
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ld air at a temperature of 100 degrees Fahrenheit is about 15 per 
nt. At three-quarters of the maximum load and with air supplied 
a temperature of 100 degrees Fahrenheit the gain is about 24 
recent. Tests at less than three-quarters of the maximum load ¢ar- 
xd were impractical because the pressures after expansion were 
low the back pressures on the engine, as indicated by a loop in the 
2 of the indicator diagram. 
_ The results of Reynolds’ experiments* furnish a partial explana- 
m of this phenomenal gain from using a mixture of air and steam 
pansively. In steam engine operation, initial cylinder condensation 
‘chiefly responsible for the great difference between the actual and 
> theoretical steam consumption. Any method which reduces the 
is from such condensation will therefore improve the efficiency of 
eration. Since the total pressure of a mixture of air and steam is 
+ sum of the partial pressures of the two constituents, the steam may 
‘in a superheated condition in such a mixture. When such a con- 
fion exists, the initial cylinder condensation is reduced, with a 
isequent increase in efficiency. A further explanation of the im- 
~vement in efficiency may be found in Rankine’s statement} that 
» air has a tendency to increase the working temperature limits of 
- steam, independently of the addition of heat. It may be noted, 
hermore, that the presence of air reduces the effectiveness of the 


-* See page 81. 
+See page 80. 
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Fig. 10. PERCENTAGE GAIN IN INDICATED HorSE POWER WITH 30 PER CENT 
STEAM IN MIXTURE FOR DIFFERENT INITIAL AIR TEMPERATURES 


interchange of heat between the working fluid and the metal wal 
of the cylinder, thus causing a reduction in the heat loss. 

The increased gain with cold air is due in part to the preheati 
effect produced by the steam and to the resulting improvement 
mechanical efficiency. The injection of a very small percentage 
steam into the compressed air is sufficient to prevent the exhaust te: 
peratures falling below the freezing point, as is shown by the data 
Table 4. 
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Ill. TsHermMopynamics; THERMAL PROPERTIES 
? 
or Arr-SteAM M1IxTuRES 


8. Notation.—In general, the symbols used in this bulletin are 
identical with those used by G. A. Goodenough in his book ‘‘ Principles 
of Thermodynamics. ’’ 

In case a magnitude is dependent upon the weight of the sub- 
stance, the small letter denotes the magnitude referred to unit weight, 
the capital letter the same magnitude referred to M units of weight; 
thus q denotes the heat absorbed by one pound of a substan 
(Q = M gq, the heat absorbed by M pounds. 

A subseript makes any magnitude symbolical of that particular 
constituent of a composite substance that the subscript represents; 
thus, a represents air, s steam, and w water. Lack of any subscript 
generally indicates that the system as a whole is under consideration, 
M denotes, for example, the weight of a mixture composed of Ma 
pounds of air, M, pounds of dry steam, and M,, pounds of water a 
moisture. 

Subscripts 1 and 2 in connection with any magnitude under- 
going a thermodynamic change refer to the initial and the final condi- 
tions, respectively; thus U, denotes the energy of a system at the 
start, U, that at the finish, and U, — U, is the change of energy 
involved. 

In dealing with wet steam, the thermodynamic properties of 
the liquid and of the vapor are distinguished by affixing a prime to 
designate the liquid state and a double prime for the saturated vapor 
state; thus, q’ represents the heat of the liquid and q’’ that o 
saturated vapor. 


A = reciprocal of Joule’s equivalent. 

B = constant in the gas equation pv = BT. 

Cp = specific heat of air at constant pressure. 

Cy = specific heat of air at constant volume. 
i, J = heat content at constant pressure. 

J = Joule’s equivalent. 

M = weight of system under consideration. 

p = partial pressure of substance. 

P = total pressure of system. 
q, Q = heat absorbed from external sources, 
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= latent heat of vaporization. 

= internal latent heat. 

= entropy. 

= temperature on the Fahrenheit scale. 
= absolute temperature. 

intrinsic energy. 

= volume. 

= external work. 

= quality of steam. 


va) 


e SS OS 28m oS 
Il 


Other symbols used are incidental constants, the values of which 
ire given with the equations in which the constants appear. 


9. Properties of a Mixture of Air and Steam.—The properties 
‘ff a mixture of two or more gases have been carefully studied and 
ire well known. For comprehensive discussions of gas mixture, ref- 
rence may be made to Planck’s Treatise on Thermodynamics, Chap. 
'V, and to Partington’s Text Book of Thermodynamics, Chap. X. 
“he principal laws that apply to ideal gas mixtures are the following: 


(1) Each gas occupies the whole volume, V, of the mixture. 

(2) The total pressure, P, of the mixture is the sum of the 
partial pressures p,, p., ete. of the individual gases (Dalton’s law). 

(3) The intrinsic energy, U, of the mixture is the sum of 
the intrinsic energies U,, U,, ete. of the individual constituents. _ 

(4) The heat content, J, of the mixture is the sum of the 
heat contents J,, J,, ete. of the constituents. 

(5) The entropy, S, of the mixture is the sum of the en- 
tropies S,, S., ete. of the individual gases. 


Saturated or moderately superheated steam is by no means a 
»verfect gas; consequently laws 2 and 4 are not strictly exact for a 
ixture of steam and air. The deviation, however, is small, and for 
ll practical purposes such a mixture may be treated as a mixture of 
deal gases. 


10. Conditions of Mixing.—The first fundamental problem that 
aust be attacked in the investigation of air-steam mixtures is the 
ollowing. Let M, pounds of air at a temperature 7’, and pressure Pa 
e mixed with M, pounds of steam at pressure Ps, having a quality 7s, 
if superheated, a temperature 7’,. Required, the temperature and 
tal pressure of the resulting mixture, and the partial pressure pa 
d ps, of the air and steam, respectively. 
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The solution of this problem depends upon the conditions under 
which the mixing occurs. Two cases will be considered: 
(a) The air initially occupies the volume Vg, Fig. 12, the steam 
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the volume Vs. The partition is removed and the steam and air are 
allowed to mix. It is assumed that the process is adiabatic, that is, 
no heat enters or leaves through the walls. 

The air expands from the volume V, to the whole volume 
V=V.,+ Vs; and the pressure drops from P, to pa; likewise, the 
steam expands from volume V; to volume V, and the pressure drops 
from P, to ps. The sum pa-+ ps gives the final pressure P of the 
mixture. 

From the characteristic equation of gases the volume V, is given 
by the equation 


MBit 
Yap Te BR PDE ane OP ae ee 
The volume V, is given by the expression , 
r 
V.=M [20 —)+e].. 2... .. . 2 
or with sufficient accuracy by the simpler relation 
V.=M, 2, v3 vx C6 9deelp ener $B ee 


In these equations v’’, and v’s denote respectively the specific volumes 
of steam and water corresponding to the pressure Ps. The total 
volume V is given therefore by the equation 


yaMeS te + M2, 0% és: oki skagen naa ve eae 
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his volume V is occupied by the air at the partial pressure p, and at 
the final temperature 7 of the mixture; hence the relation 


i) TET THRs pee eG) 


The volume V is also occupied by the steam at the partial pressure pz. 
If the final quality of the steam is denoted by 2, 


(SI een yee A Sp et ores (+>) 


in which v’’ denotes the volume of 1 pound of saturated steam at 
the pressure p;; if the steam in the mixture is superheated the rela- 
tion becomes . 


Py Le seh 2 a ee ere 8) 


in which v denotes the volume of 1 pound of superheated steam at 
the pressure p, and the final temperature 7’. 

Since the process is adiabatic and no external work is done there 
‘s no change of energy during the process. The initial energy of the 
ir is 


i U,=M, Cy 4 bee ob ea . . . . . . . . (8) 
. nd that of the steam is 
(Ole — M, (us ++ Xs Ps) -- gs . s r F “ e (9) 


The unknown constants Uoa and Uos may be disregarded since they 
appear in each member of the final equation and cancel. The energy 
f the mixture is therefore 


Ce aiVinCe T,+M;, (ws + 2s Ps) ° . ‘ ‘ (10) 


n the mixture the energy of the air is M, c, T and that of the steam 
s M, (u’+ <p ) if the quality is x, or M, wu if the steam is super- 
eated, and wu is the energy per pound at pressure ps; and temperature 
Hence 


CREM Colt We (te Pa ee (EL) 
Pe Cent et Als tes teil.) altho o€12) 


wcording as the steam in the mixture is wet or superheated. 

If the steam in the final mixture is wet there are three unknown 
quantities to be determined, namely, pa, 7, and x. These may be 
ound from the three independent equations (5), (6), and (11). If 
he steam in the mixture is superheated the three unknown quantities 
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are Pa, Ps, and 7, and the three equations (5), (7), and (12) are 
sufficient for their determination. 

(b) The air and the steam enter a chamber through separate 
channels and the mixture is drawn out through a third pipe, Fig. 13. 
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Let M, and M, denote the weights of air and steam, respectively, en- 
tering the chamber per second; then with steady flow M= M,+M, 
is the weight of mixture leaving per second. 

In this case the relation Va+-V;=V does not hold, and there 
are in consequence only two instead of three equations from which 
to determine the unknown quantities. The fact that the volume V 
of M pounds of mixture is occupied by both air and steam gives the 
equations (5) and (6) or (5) and (7) as before, but as V is now 
unknown the combination of these equations gives the single relation 


BiB One eo wane ner, eee 
Pa 
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Pa 


| 

. 
according as the steam is wet or superheated. : 
The second equation of condition is obtained as follows. I 
V, is the volume of air entering the mixing chamber per second, the 
product pa Va gives the work done on M, pounds of air in forcing 1 
into the chamber; and similarly the product p; Vs is the work don 
in M, pounds of steam in foreing it into the chamber. In leaving th 
chamber the volume V flowing per second has to pass out agai 
the external pressure P and hence does the work PV. As no heg 
enters or leaves, the net work done on the system must appear 
increased energy. ‘l'aking the energy in thermal units, this fact 1 
expressed by the equation 


A (pa Vat Ps V,—PV)=U- (Ua+ Us) 
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But since U + A p V =I, the equation becomes 
eT ree aes ee ee ae) ci) vs (15) 


That is, the heat content of the mixture is the sum of the heat 
contents of the air and steam, respectively, before mixing. Equations 
(10), (11), and (12) are in this case replaced by the following; 


Pee Nie Ole ee (ig e. Fiye Vet t+ 5) 916) 
eee On ea a eee = er) OP) Pe a 17) 
eee Cela te Ey” ve oP AIMS ee sy U8) 


‘As before, equation (17) is used when the steam in the mixture is 
wet, equation (18) when it is superheated. In (18) 2 denotes the heat 
sontent of one pound of superheated steam at pressure ps and tem- 
verature 7. 


There being two equations of condition, only two independent 
anknown quantities can be determined. It is evident, indeed, that 
the final pressure P should not be uniquely fixed by the initial states; 
‘or its magnitude must be influenced by the rate of flow. If, therefore, 
P is given or assumed, the remaining unknown magnitudes are the 
vemperature 7 and quality «x if the steam in the mixture is wet. 
rom the temperature the pressure ps; is known, and then pa = P — ps. 
f{ the steam in the mixture is superheated, the unknown magnitudes 
we T and either Dq OF Ps. 


11. Illustrative Examples—bLet 1 pound of steam at a pres- 
sure of 125 pounds per square inch and quality 0.98 be mixed with 5 
younds of air having a pressure of 125 pounds per square inch and a 
emperature of 100 degrees Fahrenheit. The pressure of the mixture 
seaving the mixing chamber is 123 pounds per square inch. 

_ The condition that the steam and air in the mixture both occupy 
the total volume gives by a combination of equations (5) and (6) the 
squation 


ae 
E Pa 
far 

i PS M; pv" 


Taking p, in pounds per square inch, and inserting the numerical 
values, 
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DX 08c04 al ae iD 
reenter poet mH 1.852 ri 7 


The initial heat content of the steam (Goodenough’s steam tables) is 
1174.5 B.t.u.; the heat content of the air is 


Ma cp Ta =D X 0.242 X (100 + 460) = 677.6 B.t.u. 


Hence the heat content of the mixture is 1174.5 + 677.6 = 1852.1 B.t.u. 
If the temperature of the mixture is 7, the equation for the heat 
content of the mixture is 


5X 0.242% T+ i + or = 1852.1; 


or inserting the expression for x 
1.852T +r 

Ag 
To solve this equation assume probable values of the temperature 7, 
and from the steam table get the corresponding values of ps, 7, 1, 
and v”. Insert these in the equation, taking pz» =123 — ps. <A pre 
liminary trial shows that the temperature is in the vicinity of 240 
degrees. Hence take 240, 245, and 250 as trial temperatures and 
arrange the work as follows: 


1217+ 74 = 1852.1 


t= 240.0 245.0 250.0 

T = 700.0 705.0 710.0 

r= 953.9 950.6 947.3 

From | v= 16.33 15.02 13.83 

Ae) ee 208.2 2132 2183 

table | P= 2497 27.81 29.88 
P=123—p,= 98.03 95.69 93.17 | 
a = 172.5 863.6 966.7 | 

i! = 2082 2182 2183 

1.217 = 847.0 \ sbs1 > “e591 


1827.7 1929.9 2044.1 


These values of J are plotted and the curve intersects the line 1852. 
at the temperature ¢ = 241.5 nearly. This, therefore, is the temperatur 
of the mixture. 
For ¢ = 241.5, the steam tables gives p; = 25.66, v’’=15.92; hene 
458527 © 1. 862i 17015 


1. ooppete. 10784 ocaloeae 0.838 


I of mixture 
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As a second example, take the same data as in the preceding except 
shat the air has a temperature of 400 degrees initially. 

In this case the steam in the mixture will be superheated. The 
initial heat content of the air is 1.21 & 860 = 1040.6 B.t.u. and adding 
the initial heat content of the steam, the heat content of the mixture 
is 1040.6 + 1174.5 = 2215.1 B.t.u. Let v denote the volume and 7 
the heat content of 1 pound of superheated steam at the pressure pz 
and temperature of the steam in the mixture. Then the two equations 
of condition are 


_ 1.8527 
Vv = 
Pa 
1.21 7 + 422151 


The temperature of the mixture must evidently lie between 344.4 
degrees, the temperature of the steam, and 400 degrees, the temperature 
‘of the air. Hence for a preliminary survey, take t = 360, 365, 370. 
he computation is arranged as in the following schedule. 


{= 360 365 370 
T = 820 825 830 
1217 = 9922 9982 10043 
§2215.1-121T=i = 12229 12169 12108 
p, (from table) = 9.5 59 105 
» (from table) = 5135 813 4.50 (a) 
P= 123-7, = 1135 64 18 
as =vy= 1338 23.87 854 (b) 


With temperatures as abscissas, curves are drawn with the volumes 
given by rows (a) and (b) as ordinates. The intersection of these 
curves shows that the two values of v are coincident for ¢ = 362 de- 
grees approximately. To get a more exact value the computation 
is repeated, taking t = 361, 362, 363. The following results are then 
obtained: ¢ = 361.8 degrees, p,;= 28.5 pounds, and pa= 94.5 pounds 
per square inch. 


12. Adiabatic Changes of Air-Steam Mixtures —If a mixture of 
air and steam is subjected to an adiabatic change of state, expansion 
or compression, there are two problems to be considered; first, to find 
the condition of the mixture at the completion of the process, and 
second, to find the external work done by or on the mixture. 
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~~ According to Law 5, Art. 9, the entropy of the mixture is the 
sum of the entropies of the constituents, as they exist in the mixture. 
It is not the sum of the entropies of the air and steam before mixing, 
because the mixing process always entails an increase of entropy. — 
Neglecting the constant S, that always occurs in expressions for 
entropy, because it disappears by subtraction, the entropy of Mg 
pounds of air is given by either of the three expressions 


So = M, (¢,logsT-— AB log, Ps) 2) eee eee 
Sa = Mz, (cv logeT + AB log, v) o eee ah ee eee oO) 
So = Me (cy logev + te logs Da) = Le eee 


Of these, the first expression is usually most convenient for the in- 
vestigation in hand. The entropy of the steam in the mixture, if sat- 
urated or wet, is given by the usual expression 


Sy SMe: 0" tea Va eee eee 
Hence a general expression for the entropy of the mixture is 

S = Ma (cplogeT — ABlogepa) + M,(. + 7) Pe (26) 
If the steam in the mixture is saperhants its entropy is 


Se My'sp Ge es alee ve ten oe) 


where s denotes the entropy of one pound at the given pressure and 
temperature. Then the entropy of the mixture is 


S = M, (clogeT — AB logepa) + Mas. . . . (25) 


The mixture expands adiabatically from the initial pressure P, 
to a final pressure P,. The condition of the mixture in the final state 
as determined by the temperature T,, the partial pressures p._ and 
Pos, and the final quality x,, is required. If during expansion the 
steam remains wet or becomes wet there will be only two unknown 
quantities to be determined, namely p., and x; for pos fixes 7’, and 
alsO Poa, SINCE Poa=P.— Pos. Two equations of conditions are fur. 
nished: (1) the final entropy S, is equal to the initial entropy 8, 
given by equation (23) or equation (25). Hence 


So = 8; = Ma(cploge T, — AB loge Das) + Mss ae al ) (26) 
2 
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(2) the final volume V, is occupied by the air and also by 
the steam; hence 


Ma, BT, 


Vane: 
2 Pa 


= M, Hip) vy 5 ; A = 7 ‘ (27) 


‘Eliminating x, between these equations, the resulting equation is 


S; = Ma (cylogeT, — AB logepas) -+ Ms E 4 r Bi a (28) 


‘This equation contains only one unknown quantity, say pa. To 
‘determine this unknown take a series of probable values of pa,, and 
hus get at once the corresponding values of ps, = P.—pa,. For these 
values of ps, corresponding values of 7’,, s’,, r., and v”, are found in 
the steam tables; hence for each assumed value of pa, the value for 
he second member of equation (28) may be calculated. These 
‘values are then plotted and the intersection of the curve with the line 
S,= constant gives the desired value of pas. 


If the steam in the final state is superheated the two equations of 
condition are: 


S, = S, = M, (eplogeT’, ==! AB lofePas) + M585, . (29) 
ON = Mv», oye, as ee ey ee (30) 
Paz 


‘n which s, and v, denote respectively the entropy and volume of 
jone pound of superheated steam at the pressure ps, and temperature 
7. 

Again assume a probable value of pa.; then ps, = P,— pap. 
‘From equation (30) 


M, B 


vo = k T., where k = Mo os 


(31) 


From the table of the properties of superheated stedm take the 
‘pressure ps, and from the corresponding values of 7’, and v, find the 
value of 7’, which satisfies the relation v,=k7’,; also find the corre- 
sponding value of s,. The second member of equation (29) may now 
be caleulated. Values thus obtained for different assumed values of 
Pa, are plotted, as before. 
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The external work performed in an adiabatic change is equal 
to the decrease of intrinsic energy. Thus 


AW 2 U, -— Ug. oh me Se, eee eee) 
The values of U, and U, are obtained from equation (11) or equation 
(12). 


13. Isothermal Changes of State—If the steam in the mixture 
remains wet during the change the following relations are readily 
obtained. Since 7’ remains constant, the change of energy from 
equation (11) is 

U, Fe U, a Mp (t— 21) : . . . . . . (33) 


From equation (23) the change of entropy is 


S, —S,=M,4B loge © pes 24+ a 7 (a= ee NSS) 
The heat added is 
Q =T (Ss = S,) 
= M, ABT log, af +. Mar (ag 54) a eee (OD) 
a2 


Subtracting equation (33) from equation (35), the difference gives 
the heat equivalent of the external work. Thus 


AW =M,ABT log, mt Me (r—p) (tg—-%,) . .. (36) 


or W = paV1 loge nist ERE POM eT TS 
a2 


Since 7 remains constant the pressure ps; of the steam remains 
constant; hence if the final pressure is P2, pag= P2-ps. The initial 
and final volumes are, respectively, 


Vi=M,2yv", Vo=Maxqv" 


whence %=~— 2% 
Py 

or eae Pe Ne ae ee 
Paz 


If the steam in the second state is superheated, the constant tem- 
perature 7’ is known, as is also the final pressure P,. However, the 
partial pressures pa, and ps, are unknown. The relation 
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M, BT 
Paz 
gives again v,=kT, where k= 


Vo =M, 0, = 


(39) 


M.B 
M spar 
Pao, get corresponding values of s,, and from the superheat table 
observe the value of p;, for which the relation v, = k T is satisfied. 

Having pa, and ps, the energies U, and U., and the entropies S, 
and S, are readily found from the general formulas; then u,—w,, Q, 
and W are calculated as in the preceding case. 


Assume various values of 


14. Work of Air Cycle on Rankine Principle——Although the 
theoretical Rankine cycle is based on steam as the working medium, 
it seems possible and perfectly proper to develop an air cycle or 
-an air-steam cycle undergoing the same thermodynamic changes as 
those shown by the Rankine diagrams. These changes, illustrated by 
the P—V diagram of Fig. 14 and the T—S diagram of Fig. 15, consist 
of, first, adiabatic expansion from point (1) to point (2); second, 
exhaust to the atmosphere at constant pressure and constant temper- 
ature; third, admission of a new charge of the working medium, 


4 / 


P 


iB 
Fie. 14. P-V DiAcRAM For RANKINE CYCLE, COMPLETE 
EXPANSION TO BAcK PRESSURE 


\ 


Fie. 15. T-S Diagram FoR RANKINE CYCLE, COMPLETE 
EXPANSION TO Back PRESSURE 
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which, because of lack of clearance in the theoretical engine causes 
a rise of pressure at constant volume followed by an increase in ~ 
volume at constant pressure to the point of cut-off (1); thus the 
eyele is completed. 

The work done during the cyele in which expansion continues to 
the back pressure is equal to the heat put in up to the point of cut- 
off minus the heat rejected after the adiabatic expansion ceases, 
that is, algebraically 


AWm i, — iS RU ee As 


If the expansion is not complete, as represented by the diagrams 
of Figs. 16 and 17, it is necessary to use a different expression for the 


Fie. 16. P-V DIAGRAM For RANKINE CYCLE, INCOMPLETE EXPANSION; 
RELEASE PRESSURE HIGHER THAN BACK PRESSURE 


Fig. 17. T-S Diagram ror RANKINE CycuE, INCOMPLETE EXPANSION ; 
RELEASE PRESSURE HIGHER THAN BACK PRESSURE 


work of the cycle. To develop such an expression, consider two cycles, 
one in which adiabatic expansion takes place from point (1) 
point (3), and the other in which adiabatic expansion starts at point 
(2) and continues to point (3). It will be noted that both of these 
assumed cycles expand to the back pressure; hence equation (40) 1 
applicable to each. In the first case, the work of cycle 1-8—-4-5-7 i 
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(7,—1%;). In the second case, the work of cycle 2-8-4—5-6 is (i, -4,). 
‘The work represented by the area 2-4-5-6, common to both eases, is 
.A(p.,—p;)V. expressed in B.t.u. It is evident then that the work 
irepresented by area 1-2-4—5~7 is 


AW = (1, ~ ts) = (t, — 4s) aS. A (p2—- D3) Vs 
=t—t + A(p.— Ds) V2 ee Mee ABS ALYY; (41) 


15. Specific Heat of Air—Several attempts have been made to 
establish the variation of the specific heat of air with temperature and 
pressure, but the results available at the present time are to a great 
extent discordant and contradictory. Probably the most reliable values 
of the specific heat at ordinary temperatures are those published 
by Swann* in 1910. His results, in terms of the 20-degree calorie 
are as follows: 


Cp = 0.24173 cal. per gram-degree at 20 degrees centigrade; 
Cp = 0.24301 cal. per gram-degree at 100 degrees centigrade. 


In terms of the mean, (1714-degree) calorie, these values reduce to 
10.2415 at 68 degrees Fahrenheit and 0.2428 at 212 degrees Fahren- 
heit. 

| The most recent data were published by Holborn and Jakobt 
‘in 1914. The tests covered the pressure range from 1 to 200 atmos- 
pheres, and at a mean temperature of 60 degrees centigrade. The 
results show a decided increase of c, with pressure, but the result 
‘obtained at atmospheric pressure is in close agreement with the 
values given by Swann. For 140 degrees Fahrenheit and atmospheric 
pressure, Cp = 0.2415, while at 25 atmospheres cp = 0.2490. 

Scheel and Heuse found that at 20 degrees centigrade and at- 
i nospherie pressure cp = 0.2410, but at lower temperatures they found 
larger values, a result contrary to general belief. 

. Owing to lack of sufficient and uniform data with which to deduce 
the variations in question, and owing to the fact that these variations 
appear to be small over the range of pressures and temperatures en- 
ountered in this investigation, the specific heat of air is considered as 
constant and equal to 0.242. 


*“On the Specific Heats of Air and Carbon Dioxide at Atmospheric Pressure by the 
ontinuous Electric Method at 20° C. and 100° C.,”’ Phil. Trans. Roy. Soc. of London, v. 210. 
2. 199, 1910. 

+ Holborn, L. and Jakob, M. “Die spezifische Warme cp der Luft bei 60° C. und 1 bis 200 t., 
‘Zeitschrift des Vereines-deutscher Ingenieurs, v. 58, p. 1429, Oct. 3, 1914. ‘ . 
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IV.. CoNsSTRUCTION AND USE oF CHARTS 


16. Heat Content—Entropy Charts.—In the pocket attached to 
the back cover page are contained eight charts which illustrate the 
thermal properties of various mixtures of air and steam, and which 
were constructed from data obtained according to the following scheme. 
Dalton’s Law states that when two or more gases and vapors occupy 
a space in common, each behaves as though the others were absent, and 
the pressure upon the walls enclosing the space or at any point within 
the space must be the sum of the pressures exerted by all the con- 
stituents of the mixture. After this well-known law is applied to a 
mixture of air and steam, it is apparent that each substance oceupies 
the total volume and exerts a certain definite pressure, known as 
its partial pressure,such that the sum of the partial pressures is 
equal to the total pressure of the mixture. For saturated steam the 
pressure is fixed by the temperature, or vice versa, and determined 
from the steam tables; likewise the other properties, such as specific 
volume, heat content, entropy, ete., are determined. It is assumed 
that Boyle’s Law for a perfect gas holds for air; whence 


ney = 53. | 


It was found to be most covenient to keep the air constituent 
equal to one pound for all mixtures; hence all the charts are based 
on one pound of air, and the weight of steam in each case is fixed by 
the percentage of steam under consideration. 


As a preliminary to further proceedings, a table of values com- | 
mon to all mixtures was made, in which the main headings of columns 
were ‘‘pressure of mixture,’’ (pm), and ‘‘temperature of mixture,” 
(t), respectively. The pressures ranged from atmospheric pressure 
to 150 pounds per square inch absolute, and the temperature extended 
from 32 degrees to the point where the partial pressure of the ste 
reached the pressure of the mixture, which for a pressure of 150 
pounds was between 355 and 360 degrees Fahrenheit. G. A. Good- 
enough’s latest steam tables were used. For each temperature th 
corresponding steam pressure, (ps), specific volume, (vs), heat con- 
tent, (7’”), heat of liquid, (7), entropy of the steam, (s” ), and entrop 
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f the water, (s’) were found and tabulated opposite the temperature. 
ince all these quantities are for one pound of steam, Boyle’s Law and 
Dalton’s Law were applied consecutively to determine the maximum 
weight of dry saturated steam which could exist with the air under 
each condition of temperature and pressure. With the partial pres- 
sure of the air, (a), which is the difference between the pressure of 
‘the mixture and the partial pressure of the steam, and with the abso- 
lute temperature and the gas-constant, the volume occupied by the air 
‘is readily computed. Since the steam must occupy the same volume, 
its weight equals the volume divided by the specific volume. This 
weight is designated by Ms, and is the weight of steam or vapor 
present with the air when the space is saturated. In any case, where 
‘the mixture under consideration contains more than the amount of 
‘steam necesssary for saturation under the prevailing conditions of 
‘temperature and pressure, the excess steam is regarded as water. 

To find the values for entropy of air the following formula, 
‘derived in G. A. Goodenough’s ‘‘Principles of Thermodynamics,’’ is 
employed : 


—S=Cp loge — AB loge 


li which 

S,—S, represents the ‘‘change of entropy’’ (commonly called 
*‘entropy’’) between points 1 and 2, point 1 usually being an arbitrary 
BP ieaice point ; 
Cp 18 the specific heat of air at constant pressure, numerical value 
of which the theoretical discussion of Part III shows to be somewhat 
in question, but which is assumed constant and equal to 0.242 for the 
“range of temperatures and pressures here considered ; 
T, and T, are absolute temperatures at point 1 and point 2, 
respectively, while p, and p, are absolute pressures at the same points; 

AB is a constant, being the product of the gas-constant and the 
reciprocal of Joule’s Equivalent, or 53.34 — 777.64. 
. With the arbitrary point 1 at 7, taken as 1 degree absolute tem- 
perature and p, taken as 1 pound absolute pressure, the formula be- 
comes very simple to use. Substituting the numerical values of con- 
| stants and using 2.3025851 log,, in place of log. gives the formula 
| as finally used: 
Sa = 0.55722559 log,,7’ — 0.15793926 log, pa 

: 
| 


AM me 


52 ILLINOIS ENGINEERING EXPERIMENT STATION 


The entropy of water as tabulated in the steam tables is above 32 
degrees Fahrenheit; consequently the entropy of steam, which is 


the sum of the entropy of evaporation, ue plus the entropy of 


water, is also the entropy above 32 degrees. Since the entropy of 
the air is taken with reference to a datum point different from that 
of the steam the resultant datum point for entropy of the mixture 
is imaginary, but this fact does not detract from the usefulness of 
the charts. 

The charts are divided into two distinct regions; namely, the 
saturation region, extending below the saturation line, and the super- 
heat region, extending above the saturation line. In the saturation 
region water is present with the steam and the air; and the heat 
content of the mixture, or the entropy of the mixture, is determined 
by the sum of the individual heat contents, or the individual entropies, 
of the three constituents. In the superheat region, however, there 
are only two constituents since no water is present, and the weight 
of steam is constant for a given mixture. 


The method of determining the heat content and the entropy of 
the steam in the superheat region involves treatment somewhat dif- 
ferent from that previously explained for saturated steam. As a 
starting point, values at regular intervals were assumed for the partial 
pressure of the steam. For each assumption at the temperature under 
consideration the specific volume, the heat content, and the entropy 
per pound are fixed by the steam tables. From the specific volume and 
the weight of steam the actual volume occupied by the steam is found 
by multiplication. This result being the volume of the air as well as 
that of the steam, it becomes possible to find the partial pressure of 
the air from Boyle’s Law. Adding the partial pressure of the air to 
the partial pressure of the steam originally assumed gives the total 
pressure of the mixture. The heat content and the entropy of th 
steam in the mixture are determined by the weight of steam. Valu 
for pressures intermediate to those assumed were found by graphical 
interpolation. 

The quality lines shown in the saturation region were determined 
in each case from a set of constant pressure curves plotted between 

Ms (weight of dry saturated steam corresponding to temperature 
and i» (heat content of mixture), the weights of dry saturated st 
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it various qualities being those percentages of the total weight of 
team in the mixture M;. The heat contents thus found for the 
various qualities were plotted on the corresponding pressure lines 
of the charts, and the quality lines drawn as shown. 

The volume lines were determined in a somewhat similar fashion, 
except that in each case a set of constant temperature curves were 
olotted between V,, (volume of mixture) and sm (entropy of mixture), 
nd then for various volumes the entropy corresponding to each of 
che various temperatures was transferred from these curves to the 
shart. 


17. Application of Charts—tThe analytical solution of problems 
sonnected with mixtures of air and steam entails considerable com- 
plication and no small amount of calculation. The heat content— 
entropy charts presented herewith may be used to simplify the 
solution of such problems in much the same way as a Mollier steam 
shart facilitates the handling of steam problems. 

The charts enable one to anticipate the resultant conditions of 
4 mixture when the initial conditions of the air and of the steam 
are known, provided one condition of the mixture is known or as- 
sumed. They also facilitate the solution of problems wherein a mix- 
ture of air and steam undergoes adiabatic or isothermal expansion or 
sompression. The solution of a few typical problems will illustrate 
their application more clearly. 


: Problem 1. 
1 Let it be required to find the state of a mixture resulting from 
the combination of one pound of air at 114.5 pounds per square inch 
absolute pressure and 100 degrees Fahrenheit initial temperature, with 
9.111111 pounds (10 per cent) of dry saturated steam at 114.5 pounds 
per square inch absolute pressure; the pressure of the mixture also 
to be 114.5 pounds per square inch absolute. 

In solving this problem, first find the heat content of the mixture 
by adding the individual heat contents of the air and of the steam 
before mixing. That for the air is given by the expression 


f tg = My Cp(t — 82) 
in which c, should be taken as 0.242. By substitution, 
6 %=1X 0.242 < (100 — 32) = 16.45 B.t.u. 


2 
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The heat content of the steam should be determined by the use of 
G. A. Goodenough’s latest steam tables. For the given pressure, 
v’’ =1190.6 B.t.u. per pound. 


te = M, 0”’ 
=0.111111 & 1190.6 = 182.29 B.t.u. 
Adding, tm=% + ts 
= 16.45 + 132.29 = 148.74 B.t.u. 


Referring now to the chart for 10 per cent steam, find the intersection 
of the horizontal heat content line, 148.74, with the absolute pressure 
line, 114.5. This point represents the state of the resultant mixture, 
the temperature of which appears to be 210 degrees Fahrenheit, the 
quality 0.794, and the volume about 2.46 cubic feet. 

The volume may be determined with somewhat greater precision 
by the use of steam tables. Since the volume of water in ordinary 
mixtures is inappreciable, the volume of the mixture is practically 
equal to the volume of dry steam in the mixture, as given by the 
relation 


Ve=M, 7,0" 
The specific volume of dry saturated steam corresponding to a tem- 


perature of 210 degrees Fahrenheit is 27.83 cubic feet per pound. By 
substitution, 


V =0.111111 X 0.794 X 27.83 = 2.457 cu. ft. 


Problem 2. 


Let it be required to find the resultant state of the mixture of 
Problem 1 after adiabatic expansion to four times its initial volume. 

The final volume obviously equals 9.88 cubic feet. Refer to the 
chart again, and note the intersection of this volume line with the 
adiabatic. The temperature at this point is 115.6 degrees Fahrenheit, 
the quality 0.388, the pressure 23 pounds per square inch absolute, 
and the heat content 74 B.t.u. 


Problem 3. 


Let it be required to find the amount of work done during the 
adiabatic expansion of Problem 2. 


In general, work done is equal to the change of intrinsic energy 
or W=U0 ive U. ° 
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so, by definition, i= u + Apv, whence 


AU, = 14 — 1444 he 14 — 0) 1852 Piri 
AU2 = 2 — 144A Po. = a2 — 0.1852 P2v2 


*y substitution of the values previously determined, 


AU, = 148.74 — 0.1852 XK 114.5 K 2.457 = 96.64B. t. u. 
AUy— 74.0.— 021852 K 23 X 9.83 = 32.1 B. t. u. 
AW = AU, — AU2 = 96.64 — 32.1 = 64.54 B. t. u. 
W = 778 AW = 778 X 64.54 = 50 212 foot-pounds. 


18. Saturation Diagram.—The Saturation Chart contained in 
ne pocket on the back cover page, which chart is constructed for 
arious pressures with percentages of steam as ordinates and tem- 
eratures as abscissee, was determined by the combined use of G. A. 
joodenough’s tables for saturated steam and the perfect gas equa- 
on for air. For mixtures of 50 per cent steam or less, the diagram 
1ows both the relation between total pressure and temperature of 
‘ixture, and the corresponding volumes and partial pressures when 
he steam in the mixture is dry and saturated. It is probable that 
ais condition prevails in all engine tests of mixtures of air and steam 
xcept those in which the air was supplied at a temperature of some- 
ling over 200 degrees, or when the percentage of steam was very 
nall. The so-called mixing chamber used in the engine tests was a 
ery effective separator, and it seems safe to assume that a wet mix- 
ire becomes practically freed of entrained moisture upon leaving 
iis part of the apparatus. In order to prove the validity of this 
ssumption, the curves shown in Figs. 18, 19, and 20 were plotted with 
served temperatures as ordinatés and theoretical saturation tem- 
sratures as abscisse. These curves show very clearly where the 
eam in the mixture was saturated, where it was superheated, and 
ie amount of superheat. When the possibility of experimental 
‘rors is considered, the agreement of the observed with the theoretical 
mperatures where the saturated condition prevails is in general 
‘tisfactory. 

_ Because of the close agreement between the actual and theoretical 
ituration temperatures of air-steam mixtures, it is possible that the 
jection of steam into air until it is known to be saturated with water 
spor, and the subsequent determination of the steam added through 
5 condensation, may be an accurate method of determining the 
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Fig. 18. CoMPARISON OF OBSERVED TEMPERATURES WITH 
COMPUTED SATURATION TEMPERATURES 
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Fie. 19. CoMPARISON OF OBSERVED TEMPERATURES WITH 
COMPUTED SATURATION TEMPERATURES 
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weight of air in the mixture. If this method is employed it is advisable 
to use the air cold, and to add enough steam to ensure saturation 
in the mixture. This cordition may easily be ascertained by the use 
of a separator; furthermore the separator may be relied upon to 
remove practically all the entrained moisture. Pressure and tem- 
perature readings should be ascertained directly after the mixture 
of air and dry saturated steam leaves the separator. The temperature 
must be ascertained with precision; so it is essential that the ther- 
mometer be carefully calibrated and used bare rather than in a 
thermometer-cup, and that the necessary ‘‘stem-co.rection’’ be applied. 
In order to determine the amount of steam in the mixture a surface 
condenser must be used, and the mixture cooled as much as possible. 
The temperature of the air leaving the condenser is a measure of the 
amount of moisture it carries off, which should be computed and 
added to the condensate. The lower this exhaust temperature, the 
less will be the amount of moisture thus lost. 


19. Theoretical Gain from Mixing Air and Steam, Determined 
by Aid of Charts—That quantities of air and steam are capable 
of doing more work expansively when mixed than equal quantities of 
the two media acting separately can accomplish is evidenced to a 
startling degree by the results of the tests. As an explanation of 
this peculiar phenomenon Reynolds’ experiments have been cited as 
evidence that the cylinder condensation is greatly reduced by the 
presence of air. Importance is also attached to Rankine’s theory that 
the gain from mixing is partly due to increasing the working tem- 
perature limits of the steam. The specific heat of air is comparatively 
low, and expansion of air against a piston is therefore accompanied 
by a very rapid drop in temperature; thus the extremely low tem- 
peratures experienced in tests with cold air as the working medium 
are explained. The fall in temperature is accompanied by a corre- 
spondingly rapid decrease in pressure, with the result that the effective 
force against the piston and the net work done are comparatively low. 

By the addition of a small amount of steam, with its latent heat 
of vaporization available for contribution to the heat content of the 


_ air during expansion, the rate of temperature decrease is lessened and 
_ the mean pressure of the air during its expansion is very much higher 


than when working alone. To show the effect of this action a 
theoretical pressure-volume (Rankine) diagram, Fig. 21, has been 


=r) 
oo 


ILLINOIS ENGINEERING EXPERIMENT STATION 


Pee PE are Pe pe ana eae 
we ae <p V—nitial Pressure of /Tixture Sd 
oon oe a dE 


oP T= Efe eel 
A Partial Pressure ofr | | TTL 


Adiabatic Expansion of 
VTixture, Air, & Steam 


20 = 
Fa in SS eS ae 
it GR ih a eres 

re eee 2 


0 
4) & /0 


Absolute Pressure in lb. per sg. tf 


/4. /6 18 COCK 
Volume in cubic Feer 


Fig. 21. P—-V Dracram For Arr-STEAM MIXTURES 


drawn for a saturated mixture containing one pound of air and 20 
per cent of steam with adiabatic expansion from an initial pressure of 
115 pounds per square inch absolute. 

Data for the adiabatic (isentropic) expansion of the mixture were 
procured from the 20 per cent chart, as were also the temperatures 
of the mixture at various stages of the expansion. Corresponding to 
these temperatures are certain pressures for saturated steam, shown 
by steam tables, and these pressures are the partial pressures of the 
steam in the mixture. Subtracting the partial pressure of the steam 
at various points from the corresponding pressure of the mixture 
gives the partial pressures of the air. The partial pressures of the 
steam and of the air during the adiabatic expansion of the mixture 
are represented by the dotted lines. The full line adjacent to each 
dotted line represents adiabatic expansion of the constituent, that 
for air being determined by means of the gas equation p,v," = p.v.*, 
while the adiabatic for steam was computed in connection with the 
Mollier diagram. : 

The dotted line which represents the actual change of condition 


of the air in the mixture naturally lies above the adiabatic for air, | 
because the air receives heat from the steam during the process of — 


expansion of the mixture. The area between these two curves is a 
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measure of the work gained from the air by virtue of the heat 
acquired from the steam during the adiabatic expansion of the mix- 
ture. On the other hand the dotted line representing the variation in 
partial pressure of the steam during adiabatic expansion of the mix- 
ture is below the adiabatic for steam alone, and the area between these 
two curves represents the energy given to the air by the steam. The 
area showing an increase of work from the air is much larger than 
the area representing the decrease in work done by the steam, the 
difference obviously being the net gain due to mixing. 

Summing up the pressures of the air and of the steam when 
each expands adiabatically gives the dashed line lying near the curve 
for adiabatic expansion of the mixture. The area between these two 
lines is exactly equal to the difference of the two areas mentioned in 
the preceding paragraph, and likewise represents the net gain due to 
mixing. 

Other mixtures were investigated in the same manner and with 
similar results, but it was decided that additional diagrams of this 
sort would be of no particular value, since the theoretical gain with 
various mixtures is shown in a more vivid and comprehensive manner 
by the curves of Figs. 22 and 23. 
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The data for these curves were obtained in the following man- 
ner. It was assumed that an engine operated on a cycle similar to 
the theoretical Rankine cycle, at variable cut-off, with an initial pres- 
sure of 115 pounds per square inch absolute, and exhausting against 
atmospheric back pressure of 14.7 pounds per square inch. The 
problem was then one of determining the consumption at different 
loads: 

(1) when working with air alone at given initial tempera- 
tures ; 
(2) when working with dry saturated steam only; 
(3) when working with different saturated mixtures of air 
and steam. 
After these determinations were made and the results plotted, as 
shown in Figs. 24 and 25, the gain due to mixing was found and 
plotted in exactly the same manner as previously described for the 
experimental data. 

The determination of the theoretical air consumption at various 
loads was made by taking different weights of air and by computing 
the work that each would do in accordance with the Rankine diagram. 
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The work of the cycle, as given by the general equation (41), is 
AW =1,-1, + A(p.- D;) Vs 


The final volume for all cases was arbitrarily chosen as 7.85 cubic 
feet, the volume of one pound of air at the end of the adiabatic ex- 
pansion. Substituting this value of v,, together with the constants 
previously given, the equation reduces to the simple form 


AW =i, -i, + 1.454 (p,—14.7) 


The initial volume of one pound of air, at the initial pressure of 115 
pounds per square inch absolute and with an initial temperature of 
100 degrees Fahrenheit, was found to be equal to 1.82 cubic feet; 
therefore, the values of v, for the different assumed weights were 
easily found by multiplication. The number of expansions in each 


V2 


case was then determined by taking the ratio The ratio times 


Vy 
the volume of one pound of air at the initial pressure gives the 
volume to which the working substance would have to expand at the 
different ratios of expansion, provided exactly one pound of air 
was used in every case. The purpose of making this computation 
was to enable one to use C. R. Richards’ ‘‘ Entropy-Temperature 
Diagram for one Pound of Air’’* for determining the final pressures 
and temperatures for each of the assumed conditions. Finally the 
heat content of air is expressed by the general equation 


ie — M, Cp ft . . . . . . . : . . . . (42) 


hence i, — 7, = Mac, (t, — t,). With the initial temperature taken as 
100 degrees Fahrenheit and c, as 0.242, the equation for this set of 
computations reduced to 2, — 7, = 0.242 M, (100 -¢,). 


Theoretical steam consumption data were determined in a similar 
manner by the aid of a Mollier diagram, with the same general formula 
for the work of the cycle. The same scheme was applied in the case 
of different mixtures after the state of the mixture was determined, 
it being assumed in each case that one pound of air at 100 degrees 
Fahrenheit was mixed with the given percentage of dry saturated 
steam. By adding the heat contents of the constituents before mixing 
the heat content of the mixture was obtained; then by use of the 
chart the initial state of the mixture was determined. For each 


* Univ. of Ill. Eng. Exp. Sta., Bul. 63, 1913. 
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different percentage the final volume was found for each assumed 
ratio of expansion when the weight used in every case was the same 
as the unit weight upon which the chart was based. By the aid of the 
charts it was a simple matter to determine the physical and thermal 
properties of the mixture for any degree of expansion, that is, for 
any ratio of expansion, since adiabatic expansion is a constant entropy 
process. Each chart is based upon a definite weight of mixture which 
in every case contains just one pound of air; hence the total weights 
for the several charts are different. This fact must always be borne 
in mind when the charts are used. 

Comparison of Fig. 23, which represents the theoretical gain from 
mixing when working on the theoretical Rankine cycle without 
clearance and with perfect adiabatic expansion of the mixture, with 
Fig. 6, which shows the actual gain in a real engine, brings out the 
fact that there is a striking similarity between the two. There is 
some difference in the percentage of steam which gives the greater 
gain, it being between 10 and 15 per cent in the theoretical case and 
about 25 per cent in the tests. The maximum gain is a function of 
the load, and as nearly as can be determined from both the theoretical 
and the test results it is approximately a linear function. 

The curves of Fig. 26 are produced for each of the working sub- 
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stances in order to give some idea of the relation of the work done 
per cycle, as expressed in B.t.u., to the cut-off or ratio between initial 
and final volumes. This relation is practically the same for steam 
and all the various mixtures, as is evident from the fact that a single 
curve approximates all plotted points for steam and mixtures. The 
curve for air, however, lies below the curve for steam and mixtures; 
thus it is suggested that a greater volume of air is required to do the 
same work as can be done by a given volume of steam or air-steam 
mixture. This indication is in harmony with the test results. HExam- 
ination of the indicator cards taken during the mixture tests with 
air at 100 degrees Fahrenheit shows that a 150-pound brake load corre- 
sponds to a cut-off at or near 14 per cent of the stroke; a 175-pound 
load to a cut-off at or near 18 per cent; a 200-pound load to a eut-off 
at or near 22 per cent, and a 225-pound load to a cut-off at or near 
26 per cent. 

Computations were not made with air at other temperatures, 
but it is very probable that the same sort of agreement would be found 
between theoretical gain and actual gain for every case. 
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APPENDIX A 
Description OF EXPERIMENTAL PLANT 


The photograph, Fig. 27, taken in connection with the tests of 
reheated air previously mentioned, shows substantially the arrange- 
ment of equipment used in the present investigation except that a 
reheater of different design was employed in place of the one shown. 
A diagrammatic arrangment of the equipment used is shown in Fig. 
28. The air-compressor is not shown in either figure but its use is 
explained and its relative position indicated in the following de- 
scription of the plant. To reduce the pulsations of pressure from 
the compressor, the air was delivered to the first receiver shown in 
Fig. 28. From the first receiver the air passed through the Venturi 
_ tube to a second receiver employed to reduce the pulsations of pressure 
produced in the air pipe by the engine.* Between the second receiver 
and the engine the air passed through several feet of pipe which 
could be heated externally by gas burners. When the air was heated 
to the desired temperature it was delivered into a mixing chamber 
located immediately above the engine throttle valve. High pressure’ 
steam could also be: admitted to this mixing chamber, as shown in 
the figure. By this arrangement it was possible to secure the desired 
proportion of steam and air for the mixture tests. 

The engine was built by the Murray Iron Works Company of 
Burlington, Iowa. The builders’ rating for steam when operating 
non-condensing with 100 pounds gage pressure, 100 r. p. m., and 
cut-off at one-quarter stroke, is 24 indicated horse power. The 
governor is of the weighted fly-ball type. The principal dimensions 
of the engine are as follows: 
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slvGhar When) ae lee So ie i a ore ae 4.0 a 
Siac Ouotime MG Nau sc 6s fs. ts oat ews, (66,0 ag 
MAINS DORPIBSTGIAINCLET S40 5 3 ste 8 hs CM 
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* Wilson, L. A. ‘Action of Venturi Meter with Pulsating Flow.’’ Power, v. 44, p, 425, 
Sept. 19, 1916. 
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DUOtOPNOCATIDOTCIAMOeter Ps «6 es 4.0 inches 
OCnutormuearmomiongtiews: wis ss «se « «©2100 “ 
Miyewheeludiameter. 3) 2... 2 6 wie « se 6 feet 
ive wipoletHCO Mmm Tim WP ce ye rs 6s Ge ww 9.0 inches 
Milyvewhoolewerghtiey 20 6s. |) 4 «7s + .« 3100 pounds 
(rank panwGsanMOleriwwats se 2 a. 2.25 inches 
Ore battcyorine Jian ie NG Rue An Se pass OG 
CrosshedG@epimadiametereevtts es |. de ete 2.2001 
Orosshenae pu genet emeeen, Fsul wei, | sils e oct, -« 2lOn hae 
CrossneaGmshOCke Width saben ji% tee ee ls 4.75 - *§ 
Crosshesgssnoes length te hs el «= » 10.0 At 
Dleantepipe diameter. Gee) 5 » - » .« = « 2.5 ae 
Exhaust pipe diameter. . . : 3.0 ae 
Length of engine from center of shaft to pack ed of 

cylinderiplatemeuisn ae cp es - . . 8 feet, 3.5 inches 
Head-end clearance. . . .: . . 5. 48 per cent piston displacement 
Crank-end clearance. . . . . . . 5.63 per cent piston displacement 


The accessories of the engine used in all tests consisted of a Prony 
brake, condenser, weighing tank, revolution counter, reducing motion, 
mixing chamber, calorimeter, and two Buffalo scales, one used with 
the brake and the other for weighing the condensate. The condenser 
was of the Dean surface type having 100 square feet of condensing 
surface. There was no vacuum pump attached. A thermometer cup 
was inserted at the outlet of the condenser for taking the temperature 
of the condensate and air. The reducing motion was of the ‘‘rod and 
groove’’ type with grooved and notched dises for engaging the in- 
dicator cord. The discs were 234 inches in diameter, and the diagrams 
produced were approximately 4 inches long. An adjustable force- 
feed lubricator furnished oil to the cylinder and _ valves. 

The air compressor was an Ingersoll-Sergeant two-stage cross- 
compound machine having a maximum capacity of approximately 375 
cubic feet of free air per minute at a pressure of 100 pounds per 
square inch gage. The cylinder dimensions of the compressor were 
as follows: 


Inches 
Diameter high-pressure steam cylinder ee ee Se ER 
Diameter low-pressure steam cylinder . . .. . . . 22.0 
Diameter low-pressure air cylinder . . . . . . . . 18.25 
Diameter high-pressure air cylinder . . . . . . . . 12.25 
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The Venturi meter, made by the Builders’ Iron Foundry of 
Providence, R. L, had an up-stream diameter of 214 inches and a 
throat diameter of 34 inch; thus the ratio of contraction was 0.3. 
It was set in a 214-inch pipe line between two receivers, 7 feet from 
the nearest up-stream bend and 5 feet from the nearest: up-stream 
obstruction in the pipe. The obstruction was a thermometer cup 
which held a thermometer to indicate the temperature of the air; from 
that point to the meter the pipe line was lagged. The meter was 
in three sections. The first was the inlet section, 734 inches long, 
having a pressure chamber with pipe connection leading to one side 
of the manometer. A gage was also attached to this chamber. The 
middle section, 1034 inches long, contained the throat-pressure cham- 
ber which was connected to the other side of the manometer. The 
third section was an expanding nozzle, 12%¢ inches long, through which 
the increase in velocity head acquired at the throat was converted 
back to pressure head. The manometer had a sliding scale, 22 inches 
long, divided into tenths of an inch. There were pockets at the 
bottom of the manometer fitted with needle valves to drain off any 
mereury or water which might accidentally be blown over. 


The receiver between the compressor and the meter had a capacity 
of 65 cubic feet. It was fitted with a blow-off valve which was adjusted 
by means of a sliding weight. The second receiver, which had a 
capacity of 17 eubie feet, was located between the meter and the 
engine. The meter was thereby freed from the disturbing effect of 
the reciprocations of both engine and compressor, so that there was 
no appreciable oscillation of the liquid in the manometer. 


A portion of the two-inch pipe leading from the second receiver 
to the engine was fitted with a jacket composed of 12 feet of 3-inch 
pipe sealed with an ammonia fitting at each end. Both cold water 
and steam were piped to the jacket, and by this arrangement it was 
possible to regulate the temperature of the air within the lower 
range, the highest temperature thus attained being slightly greater 
than 200 degrees Fahrenheit. For higher temperatures a battery 
of four blow-torches was arranged to play on a vertical section of 
the pipe which was surrounded by approximately four feet of stove 
pipe covered with asbestos lagging. With both heaters utilized simul- 
taneously a temperature of 400 degrees was readily obtained for 
the maximum amount of air used in the air tests, 
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The mixing chamber located immediately above the engine con- 
sisted of 414 feet of 6-inch pipe covered with magnesia lagging. A 
t-inch perforated pipe closed at the end projected up into this mixer 
ind caused any condensed steam present to be separated and held at 
the bottom of the chamber until drawn off at the end of the test. 

Regulation of the steam pressure was effected by means of a 
hrottle valve located in the steam main several feet from the engine 
und compressor. To make it possible for the operator of the valve 
0 be near the engine a rope and pulley arrangement was used. ‘The 
low of air was regulated by a throttle valve placed between the first 
receiver and the Venturi meter. 

A thermometer cup was inserted in the elbow where the air left 
he second receiver and entered the heater. It is probable that the 
ur at that point was always saturated, and from the observed tem- 
serature the amount of water vapor carried by the air to the mixing 
chamber was computed. 
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APPENDIX B 


CALIBRATION OF APPARATUS 


The thermometers used in these tests were calibrated by com- 
parison with standard thermometers having certificates of recent date 
from the Physikalisch-Technische Reichsanstalt or Bureau of Stand. 
ards. A water bath heated by steam was used for temperatures 
below 200 degrees Fahrenheit. For higher temperatures an oil bath 
was used in which the oil was heated by means of an electric current 
and was vigorously stirred by a motor-driven agitator. Thermometers 
which proved to be in error more than half of a degree in the range 
over which they were to be used were kept for emergencies, and the 
most nearly accurate of the remainder were assigned to positions 
where accuracy was of the greatest importance. 

The pressure gages were tested by means of a Crosby gage tester. 
and adjusted to read as nearly correctly as possible over the whole 
range, and at the same time to give exact readings at the pressures 
which they were to indicate during the tests. Standard test gage: 
graduated to one pound were used to measure pressures at the throttle 
and at the up-stream side of the Venturi meter. 

Tabor outside-spring indicators were used after being tested fon 
accuracy in the usual manner. The springs were calibrated cold by 
means of the Crosby gage tester, the indicator itself being attachec 
by special fittings. The springs were distinguished from each othe 
by punch marks, and each spring was kept on the indicator with whick 
it was calibrated. Sixty-pound springs were used throughout thé 
tests. 

The accuracy of the scales used with the Prony brake and of! 
those for weighing condensate was checked by means of standar¢ 
test weights. The tare due to the brake arm was found by balancing 
the scale beam when the brake wheel was turned slowly, first one wa) 
and then the other, and by averaging the net readings. A knowr 
weight used to hold down the brake arm was deducted from eacl 
reading. The tare of the brake plus the weight of the pedestal gav 
the total tare of the brake scales. 

The Venturi meter used for measuring the air under pressure ha¢ 
been previously calibrated by John N. Vedder by comparison with 
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a Durley gage box and standard orifices. Following the completion 
of this investigation the accuracy of the original method of calibrating 
the meter was questioned and it was therefore recalibrated by C. Z. 
Rosecrans during the fall of 1921, using the air weighing plant in- 
stalled in connection with the calibration of air measuring devices 
employed in the research work on warm air furnaces and heating 
systems.* It was found that the original correction factor was 3 
per cent too low. Fig. 29 shows the curve of correction factors ob- 
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Fig. 29. CorRECTION Factors FoR VENTURI METER FORMULA 


tained by Rosecrans to be applied to the results given by the regular 
Venturi meter formula for any value of W thus obtained. The 
formula in one of its various forms is 


3 1/k = 4 
W= Fl 052 o2gk LP =) | 1- a). os 
1 


P,(k—1) aGNe Rs 
oon 
FP, P, 


in which 
W = weight of air per second flowing through the tube, 
F, = area of throat of tube in square feet, 
F, = area of up-stream section of tube in quare feet, 


* Univ. of Ill. Eng. Exp. Sta., Bul. No. 120, p. 81. 
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» = 492 degrees absolute in Fahrenheit units, 
2116 pounds per square foot, 
acceleration due to gravity, 


mS yy 
T 


= © the ratio of the specific heats at constant pressure 
= and constant volume, 

do = density of the air in pounds per cubic foot at P, and T,, 

P, = pressure in pounds per square foot at entrance to the 


tube, 

P, = pressure in pounds per square foot in the throat of 
tube, 

T; = absolute temperature of air flowing, in degrees Fahren- 
heit. 


The use of this formula involves laborious calculations which 
may be greatly simplified for a particular tube through the aid of 
graphical charts. G. B. Upton* simplified the formula without ma- 
terially impairing its accuracy by expanding it according to the 
binomial theorem and dropping the smaller terms. Depending upon 
the accuracy desired three equations may thus be secured, as follows: 


P: APY} 
+ ay Si 
(a) W =c1( 3 ) 


re RAPT AP 
b) W=c.( is ae; 5) | 


0 waa (Bt) fe (BE) +0 (BEY) 


in which 
A ee = Py a, P2 
2950 T. 3 


=e (2) 
om 
f-@] 


* The Sibley Jour. Eng., v. 29, pp. 33 and 90. 
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The relative accuracy of these three expressions is as follows: 


2 
Formula Upper limiting value of P for an error not exceeding 
1 
0.1 PER CENT 1.0 PER CENT 
(a) 0.002 0.015 
(b) 0.05 0.25 
(¢) 0.25 


Never happens 
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APPENDIX C 
NUMERICAL COMPUTATIONS 


The following Venturi constants were used in the numerical 
computations : 

Up-stream diameter = 2.5 inches 

Throat diameter = 0.75 inch 

Area of up-stream section = 0.0340882 square feet = F, 

Area of section at throat = 0.003068 square feet = F, 


2 
() = ().0081003 
F, 


k =1.405 

2g = 64.32 

5, = 0.0807 for dry air, and 0.0802 for saturated vapor mixture 

T, =492 degrees absolute Fahrenheit 

P,= 2116 pounds per square foot (standard atmospheric pres- 
sure) 

By substitution of these data in the equations for the Venturi 

meter constants, the numerical values were found to be: 

C, = 0.003374 (considering saturated vapor mixture) 

C, = 0.53962 

C, =— 0.13915 

The portion of equation (c), Appendix B, involving the term 


P\2 : : : 
C, =) was in every case too small to be considered; so equation 
1 


(b) was used except for cases where the value of AP was extremely 
small, when equation (a) applies without appreciable error. 


When the readings of Venturi head in inches of mereury were 
reduced to equivalent pounds per square foot, it was found to be 
unnecessary to make corrections for slight changes in the temperature 
of the mercury, because the effect of this correction is inappreciable 
in the final results. For this reason the equivalent pressure of one 
inch of mercury at 62 degrees Fahrenheit, equal to 70.5 pounds per 
square foot, was used throughout the tests. 


A STUDY OF AIR-STEAM MIXTURES 


The engine constants used were as follows: 


Diameter of piston = 8.0 inches, 

Diameter of piston rod = 1.875 inches, 

Piston area head end (A,) = 50.2655 square inches, 
Piston area crank end (A,) = 47.5043 square inches, 
Stroke (LZ) = 18.05 inches, 

Brake arm length (b) = 5.25 feet, 


nas are = 0.001 GN, 
PLAN 


Lh.p. head end = 0.00229114 P N, 
Lh.p. crank end = 0.0021653 P N; 


in which 


G = weight at end of brake arm in pounds, 
N = revolutions per minute, 
P = mean effective pressure. 
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APPENDIX D 


History oF THE Stupy or ArR-STEAM MIXTURES 
Early Appreciation of Advantages of Air-Steam Mixtures 


The use of air and steam combined ‘as a medium for developing 
power is not of recent origin. The value of air in preventing rapid 
condensation of steam was known by Savery and other scientists 
before 1800 and was utilized by them in the operation of water pumps 
by interposing a layer of air instead of a piston between the steam and 
the water. 

Reports of the United States Patent Office show that during the 
past century attempts have been made to patent an air-steam engine 
and that several patents have been granted. Very few, however, 
have been given prominence by means of discussion in engineering 
literature. George H. Babcock, in a paper entitled ‘‘Substitutes for 
Steam’’ presented to the American Society of Mechanical Engineers 
in 1885-6,* reviewed the various attempts to establish the use of this 
novel means of driving prime movers. 

In 1872 W. J. M. Rankinet published an article entitled ‘‘ Re- 
marks on the Theory of Air and Steam Engines,’’ in which he pointed 
out that the air has a tendency to increase the efficiency of the mixture, 
independently of any addition of heat, by widening the working 
temperature limits of the steam. 

In 1873 Osborne Reynolds,t Fellow of Queen’s College, Cam- 
bridge, England, made an investigation to ascertain the effect of a 
small quantity of air on the power of a cold surface to condense 
steam. The apparatus employed consisted of a glass flask, in which 
a surface condenser was formed by a copper pipe passing in and out 
through the cork. The pipe, which was kept cool by a stream of 
water, was arranged so that all the condensate discharged from it in 
drops which could be counted. Reynolds reached the following con- 
clusions : 

* Trans. A. 8S. M. E., v. 7, pp. 680 and 738, 1886. : 

fj The Engr. (London), v. 34, p. 298, Nov. 1; p. 348, Nov, 22; p. 381, Dec. 6; p. 481, 
Dec. 27; 1872. 

} Eng. (London), v. 16, p. 283, Oct. 3, 1873. 


Phil. Mag., v. 47, 1874. 
Jour. Franklin Inst., v. 121, p. 401, June, 1886. 
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(1) <A small quantity of air in steam greatly retards con- 
densation upon a cold surface. On the other hand, there is no 
limit to the rate at which pure steam will condense except the 
power of the surface to carry off the heat. 

(2) The rate of condensation diminishes rapidly and nearly 
uniformly as the pressure of the air increases from 2 to 10 per 
cent of that of the steam. It then diminishes less and less rapidly 
until a pressure of 30 per cent of that of the steam is reached, 

‘when the rate of condensation remains nearly constant. 

(3) In consequence of this effect of air the necessary size 
of a surface condenser for a steam engine increases very rapidly 
with the quantity of air allowed within it. 

(4) If air is mixed with steam before it is used, the con- 
densation at the surface of a cylinder may be greatly diminished, 
and consequently the efficiency of the engine is increased. 

(5) The maximum effect in diminishing condensation will 
be obtained when the pressure of the air is about one-tenth that 
of the steam, or when about 2 cubic feet of air at atmospheric 
pressure and with a temperature of 60 degrees Fahrenheit are 
mixed with each pound of steam. 


The most potent cause of the reduced condensation of steam 
vhen mixed with air is the separation of the molecules of the’ steam 
yy the molecules of the air. Evidently there can be no condensation 
£ the steam unless its molecules coalesce; furthermore, the steam 
vhen mixed with air is converted into superheated steam, and there- 
ore recedes from the condensation point. 

According to Dr. A. Stodola,* the Physicist Pictet suggested the 
ise of heated compressed air mixed with steam to lower the tem- 
erature drop of a non-condensing steam engine. Pictet concluded 
hat the steam consumption of a non-condensing engine, operated. 
vith an air-steam mixture of about 2 to 1, would ep Eroa cs nearly 
hat of a condensing engine. 


Attempts to Use Air-Steam Mixtures in Engines 
There appear to be two general classes of air-steam engines 
litherto invented, depending upon the method of providing a mix- 
ure of air and steam. In one case the mixture is formed within the 


-* “Steam Turbines,’ 1905 edition, p. 410. 
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boiler, while in the other the air and steam are mixed at or near the 
engine. The first method involves such means as the following: 


(1) Injecting the hot gases from the chimney or uptake 
into the boiler under pressure ; 

(2) Operating the furnace under a pressure sufficientl) 
high to force the gaseous products of combustion into the boile1 
without further compression ; 

(3) Forcing air into the boiler to mix with the steam. 


By any one of these means energy is required to pump or inject the 
air or gases into the high pressure steam. The device used for this 
purpose has been an injector, a pump connected to the engine, or ¢ 
pump driven independently. 

The first of the various attempts to use the products of combustior 
mixed with steam which received the attention of the engineering 
profession was an invention by Minus Ward* of Baltimore. Similai 
inventions appeared from time to time but no practical application wa: 
made until 1856, when a large locomotive constructed upon this prin 
ciple was tried on the Erie Railroad. Owing to the deleterious effect o: 
the ashes and intense heat on the cylinder walls of the engine, the tes’ 
failed. The theoretical aspects of an engine of this design are inter 
esting, and they show the efficiency which might be attained if it wer 
possible to overcome the practical operating difficulties. The theo 
retical efficiency of such an engine was studied in detail by J. A 
Henderson for his graduation thesis at Stevens Institute in 1873 
The thesis was published by Professor Thurston in his report or 
‘‘Mechanical Engineering at the Vienna Exposition in 1873,’’ an¢ 
printed in abridged form in the Journal of the Franklin Institute iz 
1874.+ The following were Henderson’s conclusions concerning th 
most advantageous use of mixed air and steam in engines utilizing 
the entire products of combustion. 


(1) .When a moderate value for the initial temperature o: 
the mixture, ¢,, is required in order to avoid making provisior 
against the effects of heat, comparatively high initial pressure, p, 
and as small a supply of air, N, as possible are the most advan 


* “Account of a New Steam and Heated Air Engine,” Jour. Franklin Inst., v. 4, p. 49 
1827. 


¢ Henderson, J. A. “The Theory of Aero-steam Engines,” Jour. Franklin Inst., v. 98 
pp. 17, 103, and 185, 1874. 
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tageous conditions for yielding the highest efficiency consistent 
with the given temperature, in addition to high mean effective 
pressures, with moderate size of pump. 


When the initial temperature is high, there are two additional 
eases, 

(2) The retention of a high mean effective pressure and a 
small pump with the maintenance of high efficiency demand that 
the initial pressure of the mixture, p,, remain high and that the 
supply of air, N, be kept at a minimum. This case is equivalent 
to the preceding one except that the temperature, ¢,, is raised. 

(3) If the highest efficiency is required, at the expense of 
an increased bulkiness of the engine, the initial pressure of the 
mixture, p,, may be reduced and the supply of air, N, increased. 


A scientific investigation to determine the practicability of utiliz- 
ng the products of combustion mixed with steam was undertaken by 
>. M. Garland in the Mechanical Engineering Laboratory of the 
University of Illinois from 1905 to 1907. The ‘‘constant pressure 
yenerator’’ devised for this investigation used liquid fuel, which of 
ourse gave no trouble from ash. Difficulties arose, however, to make 
he tests incomplete. A preliminary report of this work appeared in 
[he Engineering Magazine for August, 1906. The results of the 
ests and an analysis of the investigation are on file in the laboratory, 
yut they were not considered sufficiently complete for publication. 

The plan of providing a mixture by forcing high temperature air 
nto the boiler from coils of pipe in the hot flue was given a great deal 
f publicity about 1870.* There seems to be some contention as to 
he originator of this plan, but George Warsop of Nottingham, Eng- 
and, was active in promoting it as his and it became generally known 
is ‘‘Warsop’s System.’’ The plan was brought to the attention of 
he British Association in 1869 by Richard Eaton, who presented 
| paper on the subject a few months later to the Institution of Mechan- 
eal Engineers at Birmingham. Economy tests were reported, all 


* Eng. (London), v. 7, p. 408, June 18, 1869: v. 8. p. 122, Aug, 20, 1869; p. 144, 
ug. 27, 1869: v. 9, p. 78, Feb. 4, 1870; p. 260, April 15, 1870: v. 14, p. 92, Aug. 9, 
872: v. 16, p. 283, Oct. 8, 1873. 

The Engr., (London)), v. 34, p. 348, Noy. 22; p. 881, Dec. 6; p. 431, Dec. 27; 1872: 
. 36, p. 222, Oct. 3; p. 258, Oct. 17; p. 273, Oct. 24; 1873. 

Van Nostrand’s Eclectic Eng. Mag., v. 2, Aug., 1869; Dec., 1869: v. 9, p. 547, Dec., 
873. 

Proc. Inst. M. E., 1870, p. 229. 
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of which indicated wonderful results in favor of the ‘‘system’’ as 


suggested by the following data: 


Air and Steam 


Steam only 


Even pressure trial combined ; 
Coal consumed 112 Ib. 112 Ib. 
Weight of brake 120 lb. 120 Ib. 
Duration of experiment 153 min. 112 min. 
Rey. of brake . 15433 total 10500 total 
R.p.m. of brake 101 93.75 
Gross h.p. of useful work 972.55 661.79 
Water evaporated 93.75 gal. 68.75 gal. 
Weight of fire left in furnace 53.5 Ib. 34 Ib. 

Open valve trial 
Coal consumed 140 Ib. 140 Ib. 
Weight of brake 120 Ib. 120 Ib. 
Duration of experiment 234 min. 196 min. 
Rey. of brake .22815 total 17825 total 
R.p.m. of brake : 97.5 90.94 
Gross h.p. of useful work . 1428.05 1115.7 
Water evaporated . . . . 131.25 gal. 112.5 gal. 
Weight of fire left in furnace 43 lb. 28.25 Ib. 


The gain in power in the even pressure trial by using air and steam 
combined was 47 per cent, in the open valve trial 28 per cent. Tests 
in two different ships showed a saving of 27 per cent and 30 per 
cent respectively in fuel consumption because of the air injection. 
Later tests with stationary apparatus gave results as follows. The 
fuel consumption of a Nottingham boiler per horse power per hour 
with steam alone was 5.53 pounds while with air injection the fuel 
consumption was 3.40 pounds—a saving of 38 per cent. With a 
London boiler using steam alone the fuel consumption was 5.88 
pounds, and with air injection it was 4.72 pounds—a saving of 20 
per cent. Other brake tests showed gains of 24.5 per cent at a speed 
of 117 revolutions per minute, and 33.5 per cent at a higher speed. 

Warsop’s system was finally adopted by the Lancashire and York- 
shire Railway, and also installed successfully in several vessels. It 
was reported that 10 or 12 per cent of air in the mixture gave the 
best results. The principal advantages claimed for the system, apart 
from those which might result from mixing air and steam, were 
inereased boiler efficiency from agitation and from better circulation 
of the water, and prevention of incrustation and priming. 
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The second plan of providing a mixture for air-steam engines, that 
of introducing the air after the steam has left the boilier, was de- 
seribed by William H. Shock, Chief Engineer, U. S. N., in a paper 
published in the Journal of the Franklin Institute in 1854.* The 
engine was invented by William Mount Storms of New York, and 
was commonly called ‘‘Storms’ Cloud Engine.’’+ Air compressed to 
approximately 18 pounds pressure was admitted to the cylinder at the 
beginning of the stroke for about 1.5 inches of piston travel; then 
steam at 80 pounds pressure was admitted during the next 2 inches 
of piston travel, when communication to the cylinder was closed and 
the mixture expanded. The test reported shows an increase in power 
due to mixing of more than 50 per cent. In the light of present 
knowledge, however, some of the statements made regarding the 
operation of the engine lead one to discredit this report. 

Certain experiments by T. McDonough of New York, pertaining 
to the effect of mixing air with low-pressure steam, were reported in 
1865 by the Journal of the Franklin Institute.t Steam was generated 
in a small boiler and allowed to escape through a nozzle and to strike 
upon the fan of a small air mill. The quantity of steam used in a 
given time and the speed of rotation produced were noted; then air 
under moderate pressure was allowed to flow from a gas holder into 
the rear of the jet and to issue with the steam. From the amount 
of air added and the rotative speed of the mill it was found that the 
addition of about one part of air to ten parts of steam would increase 
the number of revolutions of the mill by one-fourth. It was suggested 
as an explanation that ‘‘the introduction of cold air might condense 
some of the steam, so causing it to be projected in liquid drops against 
the wheel, by which means its motive power would be more efficiently 
applied than when it issued as an expanding and diffusable vapor.’’ 

At about the same time facts similar to those just given were ob- 
served in connection with the operation of a small steam turbine,§ by 
R. E. Rogers of the University of Pennsylvania. 

: Early in 1867 there appeared an announcement of Parker’s steam 
and air engine.{’ In this device heated air was injected or drawn into 


* “Notes on the Cloud Combination of Steam and Air,’’ Jour. Franklin Inst., y. 58, 
>». 342, 1854. 
+ Jour. Franklin Inst., v. 60, p. 81, 1855; Eng. (London), vy. 8, p. 258, Oct. 15, 1869. 
t Jour. Franklin Inst., v. 80, p: 282, 1865. 
: $London Mech. Mag., p. 7, Jan., 1865. 
1 Eng. (London), v. 3, p. 61, Jan. 18, 1867. 
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the steam pipe by specially designed nozzles and receiving cones; 
consequently the mixture reached the engine at a reduced pressure, 
about one-third of the boiler pressure. The tests reported did not 
include data on fuel consumption; hence no really convincing test 
results were presented; furthermore, it is difficult to conceive any 
increase in efficiency or economy by using such a method.* 

Nineteen years later there appeared in the ‘‘ Engineer’*? a state- 
ment concerning experiments on Parker’s engine which extended over 
a period of two days. During the first day tests were made with steam 
used as the medium and on the second day with air injected into the 
steam pipe. The consumption of fuel per horse power hour was 
practically the same for all tests. A detailed report of these tests 
could not be found. 

In 1885 experiments were made by Zeller and Huntt at the New 
York Navy Yard for the purpose of ascertaining how much economie 
eain, if any, resulted from the use of a mixture of saturated steam and 
of compressed air in a non-condensing engine, the air being at the 
pressure of the steam and containing the heat of compression. The 
air cylinder and the steam cylinder were in tandem. Compression of 
the air started when the steam cylinder began to take steam; con- 
sequently the air pressure was at its minimum when admission to 
the steam cylinder took place. Thus no air could enter the steam 
cylinder until the pressure of the air became greater than that of 
the steam when further increase in air pressure caused the exclusion 
of the steam. It is reasonable to conclude, therefore, that this engine 
was not operated by a mirtwre of steam and compressed air, but rather 
by steam and compressed air used successively and separately. Be- 
cause of this faet the data secured from these experiments, which 
show practically no difference in power produced by using steam: 
alone and by using steam and air combined, are not conclusive for 
intimately mixed air and steam. 

Andrew Jamieson§ at a meeting of the Institution of Engineers 
and Shipbuilders held in Scotland, on April 30, 1895, read a paper 


* The Engr. (London), v. 29, p. 281, May 6;- v. 30, p. 249, Oct. 7, 1870: y. 31) 
p. 1, Jan. 6;. p. 48, Jan. 20; p. 59, Jan. 27; 1871. 


Van Nostrand’s Eclectic Eng. Mag., v. 3, p. 185 July, 1870. 
+ The Engr. (London), v. 61, p. 506, June 25, 1886. 


¢ Jour, Franklin Inst., vy. 121, p. 401, June, 1886. Zeitschrift des Vereines deutsche 
Ingenieure, v. 31, p. 284, April 2, 1887. 


§ Trans., Inst. of Eng. and Shipbuilders in Scotland, vy. 38, p. 291, 1894-5. 
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entitled ‘‘A New Departure in Steam Engine Economy, with a De- 
seription and Tests of Field’s Combined Steam and Hot Air Engine.’ 


_The tests of this engine showed a saving of 40 per cent. <A hot air pipe 


was connected to the jacket and to each end of a single cylinder non- 
condensing engine. The air was forced through a series of heating 


‘pipes in the main flue by means of a Roots blower which was driven 


by the engine. Admission of air took place automatically as soon 
as the exhaust steam began to escape, and continued until compression 
commenced late in the stroke. This hot air arrangement undoubtedly 
diminished or prevented cylinder condensation; the results show a 
remarkably low steam consumption, 18.6 pounds per horse power per 
hour for an engine of the type used. They also show only slightly 
higher consumption, 21.4 pounds, at low load. The results expressed 
in terms of brake horse power, 24.26 at normal load, and 37.9 at 
quarter load, are not so striking probably because of the inefficiency 


of the engine and of the blower. 


A recent attempt to produce an air-steam engine was made by E. 
J. Christy of Waterloo, Iowa.* The engine, rated at 300 horse power, 
was constructed by the Vilter Manufacturing Company of Milwaukee. 
Wisconsin. <A five-hour economy test was reported, in which the 
steam used per hour was 26.35 pounds per horse power at an 
average of 66.6 horse power. Christy used a scheme of operating the 
engine on a four-stroke cyele principle, the first two strokes before 
admitting steam being occupied with taking in and compressing a 
charge of cold air. The heat of compression of the air produced a 
high temperature within the cylinder and thereby prevented initial 
condensation of the steam. It is very evident that the air itself per- 


_forms no useful work; therefore it is doubtful if any gain in economy 


a 


resulting from mixing would more than compensate for the increased 
power loss of the two additional idle strokes. Furthermore, an engine 
operated on the principle of the Christy Engine would necessarily 
have to be much larger for a given power and speed than one using 
steam alone, not only because of the two idle strokes, but also because 
of the smaller weight of steam that can be used when the clearance 
space is full of air. 

An engine working on the same principle as the Christy Engine 
was patented by G. Schimmingt in Germany several years prior to 


* “The Christy Air-Steam Engine,’’ Power, v. 34, p. 382, Sept. 5; p. 528, Oct. 3; p. 
603, Oct. 17; 1911, 
{ Zeitschrift des Vereines deutscher Ingenieure, vy. 30, p. 964, Oct. 30, 1886. 
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the announcement by Christy. The patent was acquired by the 
Actien-Gesellschaft fiir Hisengiesserei und Maschinenfabrication, 
formerly J. T. Freund & Co. of Charlottenburg, and an engine was 
built and tested in 1886 or 1887. No data of tests made on this engine 
are available, but it is stated* that it proved a failure because of the 
enormous steam consumption and the large amount of water exhausted 
with the steam and air mixture. 

An interesting but indirect application of the use of air and steam 
together is found in a hoisting engine for handling the skip in a 
single shaft 3700 feet deep at the Franklin Junior Copper Mine at 
Boston, Michigan.t This engine was conceived by R. M. Edwards, 
General Manager of the Franklin Mining Company, and was built — 
by the Nordberg Manufacturing Company. The air cylinders, 36 
inches in diameter, are in tandem with the steam cylinders, 46 inches — 
in diameter, the stroke being 72 inches. The valve controls are ar- 
ranged to make the air cylinders inoperative during the hoisting period — 
and to make the steam cylinders ineffective during the return of the 
skip. The degree of compression in the air cylinders regulated by the 
operator controls the speed of the descending skip. There are three 
large receivers in which all the air compressed by the machine is mixed 
with the steam from the boilers. The mixture is then used in the 
steam cylinders during the hoisting period. A reducing valve im 
the steam supply pipe maintains about 65 pounds pressure on the 
receivers. During the fall of the skip the pressure in the receivers 
inereases to approximately 95 pounds by the addition of compressed 
air, which is sufficient to lift the hoist about 1000 feet. Steam alone, 
at a pressure of 65 pounds, then completes the hoisting period. 


‘ 


* Power, v: 84, p. 603, Oct. 17, LOL. 
},,Air-Balanced Hoisting Engine.”” Power, y. 44, p. 640, Noy. 7, 1916. 


